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Abstract
Environmental friendliness, ease of fabrication, low cost and mechanical ﬂexibility
make organic solar cells a potential future of renewable energy sources. The structure
of organic materials such as conjugated polymers play an important role in their opto-
electronic properties that are relevant to power conversion efﬁciency of organic solar
cells. Copolymers have an internal donor-acceptor coupling that will reduce the band
gap from the respective donor or acceptor units. Fundamental photophysical prop-
erties of such copolymers is crucial to understand efﬁciency limiting factors. The dy-
namics associated with charge transfer in the molecules, in the solid ﬁlms and bulk
hetrojunction composites were studied using fs-transient absorption spectroscopy in
three copolymers. The result on a bithiophene-isoindigo copolymer in dilute solution
showed an intramolecular charge transfer state generation rate of 2 ps. The bulk het-
erojunction ﬁlm of a blend of P2TI:PCBM71, showed a fast charge generation (<250 fs).
But only 40 % of the charge carriers could stay longer than 2 ns. This is due to a poor
charge percolation pathways in the active layer morphology. The low power conver-
sion efﬁciency in P2TI:PCBM71 based solar cells is due to poor percolation pathway
to charge carriers. Moreover, we studied effect of side chains on photophysics of two
terthiophene-isoindigo copolymers. The result showed when the length of the alkyl
side chains at position 3 and 4 of the ﬁrst and the last terthiophene unit increases from
(C8H17) by four methyl units to (C12H25), the intramolecular charge transfer rate slows
down from 4.5 ps to 13 ps. The longer side chains also lowers exciton life time by creat-
ing a barrier for interchain interaction. Exciton diffusion is less efﬁcient when the side
chains are longer.
iii
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Opsomming
Organiese sonselle is moontlik die gesig van toekomstige hernubare energiebronne
weens die omgewingsvriendelikheid, lae vervaardigingskoste enmeganiese buigsaam-
heid daarvan. Die struktuur van organiese materiale, soos gekonjugeerde polimere,
speel n belanrike rol in hul opto-elektriese eienskappe wat tersaaklik is tot die dry-
wing omskakelingsdoeltreffendheid van organiese sonselle. Ko-polimere het interne
skenker-ontvanger koppelings wat die bandgaping van die onderskeie donor of ont-
vanger eenhede verklein. Om die faktore wat die doeltreffendheid beperk te verstaan
is dit belangrik om die fundamentele fotoﬁsiese eienskappe van sulke ko-polimere te
verstaan. Die dinamika geassosier met ladingsoordrag in die molekule (in die soliede
ﬁlms en in heterogene massa-aansluiting materiaal) is bestudeer deur middel van fs-
oorgangsabsorbsie spektroskopie in drie ko-polimere. Die resultaat vann bitiofeen-
isoindigo (bithiophene-isoindigo) ko-polimeer in verdunde oplossing, het n intramole-
kulłre tempo van ladingsoordrag van 2 ps getoon. Die heterogene massa-aansluiting
ﬁlm met n mengsel van P2TI:PCBM71, het n vinnige ladingsopwekking van <250 fs
getoon. Slegs 40% van die lading draers kon egter langer as 2 ns bestaan, weens swak
deursype-llingskanale vir ladings in die aktiewe lae se morfologie. Die lae drywing
omskakelingsdoeltreffendheid in P2TI:PCBM71 gebaseerde sonselle is ook weens die
swak lading deursypell-ingskanale. Die effek wat sykettings op die fotoﬁsika van twee
tritiofeen-isoindigo (terthiophene-isoindigo) ko-polimere is verder ondersoek. Die re-
sultate wys dat wanner die lengte van die alkiel sykettings by posisie 3 en 4 van die
eerste en laaste tritiofeen eenheid vergroot van (C8H17) met vier metiel eenhede tot
(C12H25), raak die intramolekulłre ladingsoordrag tempo stadiger van 4.5 ps na 13 ps.
Die langer syketting verlaag ook die leeftyd van die elektron-holte paar (exciton) deur
interketting wisselwerking te verhinder. Diffusie van elektron-holte pare is minder ef-
fektief wanneer die sykettings langer is.
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1. Introduction
The sun power that reaches the earth surface is 120,000 terawatts. This power is six
thoudand times the present rate of the energy consumption [1]. The energy consump-
tion rate of our world in 2001 was 13.5 TW. In 2050, the energy consumption rate is
expected to be 27.6 TW which is double the value on 2001 [2]. Currently, fossil fu-
els are the main source of our energy consumption. Besides the ever increasing cost,
the amount of crude oil is depleting fast. This calls for immediate renewable energy
sources. Solar cells are solar harvesting devices that are used to convert solar energy
to electricity. The ﬁrst solar cell was fabricated using monocrystalline Si at Bell Tele-
phone Laboratories in 1954 with a power conversion efﬁciency of 6% [2]. During the
following decade, a power conversion efﬁciency of 25% using monocrystalline Si was
reported, which is close to the theoretically predicted value by Shockley and Queisser
[3]. Shockley and Queisser calculated power conversion efﬁciency of a Si solar cell and
predicted a maximum attainable power conversion efﬁciency to be 32% [3]. In their
calculation, spectrum losses of a Si (band gap = 1.1 eV) based single p-n junction solar
cell alone accounts for 33% loss. The challenge in Si based photovoltaic technology is
the high cost of production. After 5 to 6 decades of research the cost of production has
reduced to 1.42 dollars per watt [4]. However, electricity generated using these solar
cells could contribute ≈ 1.5% of the total electricity generated globally in 2016 [5].
In 1970’s a new era of cheap alternative organic semiconductor came after the dis-
covery of electrical conductivity in polyacetylene when it is partially oxidized. Alan
J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa received the ”Nobel Prize in
chemistry 2010” for their discovery of conducting polymers[6]. Tang et. al.demonstrated
the use of these organic semicondutors in light emitting diodes for the ﬁrst time in
1980’s[7].
Organic semiconductors are extracted from abundant materials like plants. This
makes them less expensive and easier in terms of synthesis than inorganic semicon-
ductors. Their structure can easily be tailored to a desired electrical and optical prop-
erty. Structurally, diverse conjugated polymers have been utilized for organic solar
cells (OSCs). The power conversion efﬁciency of OSCs has exceeded 10% in a single
junction small area devices [8, 9]. The performance of these solar cells is determined
by many factors that include the active layer materials, device morphology and inter-
facial energetics. In addition, the stability of OSCs has been a bottleneck for commer-
cialization. OSCs can be solution processed unlike the inorganic ones. Besides being
inexpensive to produce, organic semiconductors can easily be printed on ﬂexible sub-
strates. Thus, OSCs can be mass produced with inexpensive techniques like roll-to-roll
or ink-jet printing.
In this work, three low band gap copolymers based on isoindigo as an acceptor
were studied for solar cell applications in Indium Tin Oxide (ITO)- free geometry.
Their performance was studied using the standard current-voltage characterization.
1
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The photovoltaic performance of these OSCs indicated a farther study on the funda-
mental charge generation and recombination processes is important to understand the
difference among the solar cells. This is important to further understand performance-
structure relation of the solar cell devices. Thus, with this motivation we farther stud-
ied the fundamental photophysics. We started the photophysics study with steady
state spectroscopy. We then proceed to fs-Transient absorption spectroscopy to get
a better temporal resolution to the underlying charge generation and recombination
mechanism. We started the photo-physics study of the copolymers in dilute solution
to avoid any interchain interaction, then to pristine copolymer ﬁlms. Finally, we per-
formed photo-physics measurements on the actual active layer of the solar cells which
is copolymer:PCBM71 bulk heterojunction composite ﬁlms.
The work is organized as follows: in chapter 2 OSCs and their basic working princi-
ples are introduced. In chapter 3, I will focus on the entire photophysics, charge genera-
tion and recombination dynamics in an OSC. In chapter 4, the experimental techniques
and sample preparation will be discussed brieﬂy. Chapter 5 and 6 deal with results. In
chapter 5, the result of a photophysics study on a bithiophene-isoindigo, P2TI, copoly-
mer and its application in ITO free solar cells will be discussed. In chapter 6, I will
discuss the effect of length of side chains on the photophysics and macroscopic solar
cell parameters using two similar terthiophene-isoindigo copolymers. The length of
side chains on the terthiophene unit was the only difference between the two copoly-
mers. In the study, it was possible to conclude that the length of side chains on the
terthiophene unit has a signiﬁcant effect from the intra-molecular interaction within
the copolymer to the solar cell performance when blended in bulk heterojunction com-
posite with PCBM71. Finally, I will conclude this workwith a short summary and some
recommendations for future work.
2
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2. Organic solar cells
Solar energy is the most abundant clean source of renewable energy that can be used
for electricity generation using photovoltaic (PV) cells. Semiconductors, mainly in-
organic ones, are used in the fabrication of these PV cells. In the past three to four
decades, organic semiconductors, mainly conjugated polymers, came to the picture as
conductive material for PV application. Organic semiconductors have a unique prop-
erty that combines semiconducting property with a chemical composition of plastics.
This creates an endless opportunity of tailoring their electrical, optical and mechanical
property. It also opens a wide variety of applications of organic semiconductors in light
emitting diodes, organic ﬁeld effect transistors, displays and OSCs. Organic semicon-
ductors have a high extinction coefﬁcient which enables efﬁcient absorption of pho-
tons in a layer of only few hundred nanometres. Thus, OSCs have light weight and are
ﬂexible. OSCs are usually fabricated with inexpensive solution processable techniques
like spin coating or evaporation processing. The recent development in fabrication of
OSCs in the view of mass production is going towards roll-to-roll printing technique.
This technique is similar to a simple ink-jet printing. A ﬂexible substrate is used in
roll-to-roll printing of OSCs. Besides their mechanical ﬂexibility, their diverse colours
opens a unique opportunity for engineers to design speciﬁc application. A recent work
from German researchers showed the possibility of exploiting their mechanical ﬂexi-
bility and diverse colors for use in self-powered devices like electronic eyeglasses with
integrated solar cells[10].
2.1 Organic semiconductors
Organic semiconductors are mainly made of carbon and hydrogen atoms with few
hetero-atoms like sulphur, oxygen and nitrogen included. The backbone of these ma-
terials is formed by a chain of carbon atoms with alternating single and double bonds.
This is crucial to their semiconducting property. The semiconducting nature of organic
semiconductors is different from inorganic ones like silicon, germanium, and GaAs.
In inorganic semiconductors, free charge carriers can be created by thermal excitation
of electrons from a valence band to a conduction band. An intrinsic conductivity be-
tween 10−8 S/cm to 10−2 S/cm is common in inorganic semiconductors. Conductivity
in organic semiconductors is extrinsic which is result of charge injection by electrodes,
doping or from the dissociation of electron-hole pairs. The dielectric constant of in-
organic semiconductors is enough to effectively screen the coulomb effects between
electrons and holes (see section 3.2.2). As a result, excitation of an electron from the
valence band to conduction band in this class of materials creates free charge carriers.
In contrast, the dielectric constant (r) of inorganic semiconductors is low (r = 3 - 4)
compared to Si (r = 11). Thus, photo-excitation of electrons from the valence band to
3
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the conduction band creates tightly bound electron-hole pairs. The Coulomb energy of
this electron-hole pair is about 0.5 - 1.0 eV which is much higher than thermal energy
at room temperature (kT ≈ 0.025 eV). This precludes creating any signiﬁcant amount
of charge carriers by thermal excitation at room temperature.
Origin of electrical conductivity and band gap of organic
semiconductors
The main categories of organic semiconductors include conjugated small molecules
and conjugated polymers. Polymers are made of repeating units called monomers.
Based on the number of monomers, polymers are classiﬁed as oligomers (short poly-
mers) or polymer. Polymers with 20 to 100 monomers are called oligomers; polymers
with more than 100monomers are called polymers. This work will focus on conjugated
polymers. Conjugated polymers are mainly made of carbon. Understanding the elec-
tronic conﬁguration of carbon atoms is important to understand the semiconducting
property of this class of materials. Atomic carbon has six electrons arranged in 1s2,
2s2, 2p2 conﬁguration. Carbon can hybridize its four valence electrons in three ways :
sp, sp2 and sp3 . When a carbon atom with sp3 hybridized orbitals forms a bond with
other atoms, the four sp3 hybridized orbitals form a tight covalent bond forming a σ
bond. These σ orbitals are oriented at 109.50 between them. This is the case with ethane
(C2H6). In a similar way, one ’s’ orbital and two ’p’ orbitals can hybridize and form
three sp2 hybridized orbitals. The three sp2 hybridized orbitals will be at 1200 to each
other. The remaining pz orbital lies orthogonal to that plane. Polyacetylene (C2H2)n
(PA), the simplest polymer, is a good example for sp2 hybridization. In PA, a carbon
atom forms bonds with two other carbon atoms and a hydrogen atom. The three sp2
hybridized orbitals form the covalent bonding in the molecule: C-C, C-C and C-H. The
remaining pz orbital overlaps with the other pz orbitals of each carbon atoms in the
polymer chain and form a quasi-free electron cloud.
The sp2 hybridized orbitals overlap along the internuclear axis of the atoms, con-
sequently their split into bonding-σ and anti-boning-σ∗ orbitals is high (see Figure 1).
But the pz orbitals overlap further away from the internuclear distance, which makes
the splitting of bonding-π and anti-boning-π∗ orbitals lower. The energy of the σ or
π bonding orbital are lower than the hybridized sp2 or overlapped pz orbitals respec-
tively. Similarly, the energy of the σ∗ or π∗ bonding orbitals are higher than the hy-
bridized sp2 or overlapped pz orbitals respectively. As more and more sp2 hybridized
carbon atoms are covalently bonded and the pz orbitals overlap sufﬁciently, the π elec-
trons become de-localized in the extended π system. The atomic orbitals will evolve
into molecular orbitals. The highest unoccupied molecular orbital (HOMO) is the π
orbital and the next lowest unoccupied molecular orbital (LUMO) is π∗ orbital (Figure
2.1). The band gap of the polymer will be the difference between the HOMO and the
LUMO levels.
PA can be taken as an example to discuss origin of band gap in organic semicon-
ductors (see Figure 2.2). PA would be metallic if the double bond is delocalized along
the chain as shown in the Figure 2.2b but such structures are unstable. This structure
will be distorted into alternating single and double bonds. In doing so, the periodicity
of the lattice will change from ’a’ to ’2a’ as shown in Figure 2.2b and c. A ﬁnite band
gap will open as a result of this distortion. This alternation of bond length is due to the
gain in electronic energy that compensates the elastic energy and is called Peirels effect
4
Stellenbosch University  https://scholar.sun.ac.za
Figure 2.1: In C2H2 molecule, the hybridized sp2 and the pz orbitals split into (σ or π) bonding and (σ∗
or π∗) anti-bonding orbitals respectively (left). Addition of more molecules into the conjugated system
will increase the number of the hybridized sp2 and the overlapping pz orbitals (center) and the full
conjugated system will have molecular orbitals, HOMO and LUMO.
[11].
Figure 2.2: a) Structure of PA b) Equidistant bonds create delocalized π electrons along the backbone.
The periodicity of the lattice will be ’a’ c) an alternating longer single and shorter double bonds with
a periodicity of ’2a’ d) PA is in a metallic state when the bonds are equal e) the alternating single and
double bonds disrupts the periodicity and opens a ﬁnite band gap.
2.2 Low band gap polymers
The band gap of a polymer determines its application in electronics. This section dis-
cusses why we need low band gap polymers for OSC application. Some synthesise
techniques to produce low band gap polymer will also be discussed
2.2.1 Why low band gap polymers?
The solar irradiance that reaches the earth is Air Mass (AM) 1.5. Most of the intensity
in this AM 1.5 spectrum is concentrated below 2000 nm. The number of photons in
the spectrum determines the photocurrent density that can be generated using photo-
voltaic cells. The maximum current spectrum (Figure 2.3b) that can be generated with
5
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a solar cell under an illumination of AM 1.5 sun at a global tilt is calculated and is
shown in Figure 2.3a (black line). It was assumed each photon generates an electron.
The integrated photon ﬂux over wavelength multiplied by the charge of an electron
gives us the maximum current density that can be generated in an ideal case.
As shown in Figure 2.3b, a material that has a broad abosoption that can extend
to higher wavelength region between 1000 nm and ≈ 2000 nm can generate the max-
imum . Hence, extracting this part of the solar spectrum can boost the photo-current
density of organic solar cells. Low band gap polymers with broad absorption that ex-
tends to longer wavelength region of the solar spectrum have a better photon harvest.
Therefore, the spectral coverage of these low band gap polymers is essential for higher
photo-current generation.
Figure 2.3: a) Spectral irradiance of AM 1.5 sun at a global tilt (black line) and number of photons (green
line). b) the maximum current density is calculated assuming each photon generates an electron.
The above discussion focused only on current density relation with band gap with-
out including other photovoltaic efﬁciency determining factors. However, low band
gap polymer based OSCs suffer with low open circuit voltage. Open circuit voltage is
determined by the energy difference between the HOMO of the donor polymer and
the LUMO of the acceptor. The HOMO level of low band gap polymers can get closer
to the LUMO level of the acceptor material which will consequently lower the open cir-
cuit voltage. An ideal low band gap polymer for highly preforming solar cells would
thus be a polymer that can harvest the longer wavelength region of solar spectrum,
with deep HOMO level to ensure high open circuit voltage and appropriate LUMO
level for exciton dissociation with the acceptor material (see Section 2.4).
2.2.2 How to produce low band gap polymers?
Synthetic chemists can tune the band gap of polymers in a number of ways. Few of
them will be discussed in this section.
Increasing conjugation length. Increasing the conjugation length of a polymer will
increase the number of overlapping pz orbitals. Consequently, the higher de-localized
electron cloud in the backbone of the polymer will result in lower band gap. But when
such polymers are used in OSCs, the power conversion efﬁciency is limited. The long
conjugation length might exceed the exciton diffusion length. Exciton in such materials
6
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will relax before leaving the polymer chain for charge photogeneration (see Section
2.4).
Bond length alternation: The band gap of a conjugated polymer is also deter-
mined by the degree of variation between the single and double bond lengths. Con-
jugated polymers in their ground state are found in two mesomeric structures: aro-
matic and quinoid form. In the aromatic structure, the π electrons are more conﬁned
while in quinoid structure they get de-localized in the backbone of the polymer. This
de-localization in quinoid structure will lower band gap of the polymer. Therefore,
by varying the ratio of aromatic and quinoid structures in the backbone of a poly-
mer, the band gap can be tuned. A good example for this is a fused ring system in
poly(isothianaphtane), PITN. PITN strongly favours a quinoid structure to preserves
the aromaticity of benzene rings (see Figure 2.4 bottom) because benzene has a more
stable aromatic structure. The gap of this polymer is 1 eV [12]. A polythiophene (PT)
(see Figure 2.4 top) on the other hand has a stable aromatic structure consequently its
band gap is twice the band gap of PITN.
Figure 2.4: Aromatic (left) and quinoid (right) structure of PT (top) and PITN(bottom). The attached
benzene rings in PITN favours quinoid structure which resulted in half the band gap of PT.
Polymers with alternating donor and acceptor units: Copolymers: Polymers can
be classiﬁed as electron donating and electron accepting based on their electron afﬁnity.
This is analogues to p and n type inorganic semiconductors respectively. An electron
rich donor (D) polymer and an electron deﬁcient acceptor (A) polymer can be coupled
in a D - A copolymer. Let us take one of the copolymers characterized in this work as
an example (see Figure 2.9). A bithiophene donor unit and an acceptor isoindigo unit
are coupled to synthesize P2TI (see Figure 2.9). The alternation of D and A units in
D-A copolymers results in two mesomeric structures: D - A and D+ = A− [13]. The
alternation of D and A units in the backbone of a copolymer favours double bond
character due to de-localization of electrons. This double bond character leads to the
formation of a stable quinoid structure which makes the copolymers have lower band
gap than the D or A polymer units.
From molecular orbital point of view, the lowering of band gap in copolymer is
due to the following reason: when a D polymer and an A polymer units are chemically
bonded, a new energy level arises in the D-A copolymer. The HOMO level of the D-A
copolymer will be the hybridized energy level of the HOMOs of the D and A polymer
units. The same is true with the LUMO level of the D-A copolymer. The new HOMO
and LUMO levels of the D-A copolymer are higher than the two HOMOs and lower
than the two LUMOs of the D and A polymer units. Consequently, the D-A copolymer
will have a lower band gap (see Figure 2.5). It is important that the HOMO and LUMO
of the D-A copolymer is closer to the HOMO and LUMO of the D and A polymer
7
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Figure 2.5: Band gap of D-A copolymers: the HOMO and LUMO levels of the D-A copolymers are the
hybridized HOMOs and LUMOs of the D and A units respectively. The HOMO of the D-A copolymer
is close to the HOMO of the D. Similarly, the LUMO of the copolymer is close to LUMO of the A unit.
units respectively. A facile way to tune the band gap of the D-A copolymers is thus by
raising the HOMO and lowering the LUMO of the D and A polymer units respectively.
Chemists attach electron rich units like aloxy on the D polymer to raise the HOMO
level by increasing its electron donating property. Electron deﬁcient units like NO2
are attached to A polymer units to enhance its electron withdrawing property which
consequently will lower the LUMO level of the polymer.
There is a charge transfer between the D and A units within a D-A copolymer
molecules. This intramolecular charge transfer creates a new energy levels in the D-
A copolymer different from the D or A polymer units (see Figure 2.5). The new energy
level has a HOMO closer to the D polymer unit and LUMO closer to the A polymer
unit. Therefore, D-A copolymers have a lower band gap than the constituent polymer
units due to this intramolecular charge transfer.
2.3 Copolymer studied in this work
In this work, three D-A copolymers were studied (see Figure 2.9). The three copoly-
mers have a similar A polymer unit called isoindigo. The D polymer units in the three
polymers have a slight difference as will be discussed latter. Let us start discussing each
of the D and A units separately and will come back to the D-A copolymers studied in
this work.
Thiophenes as donor units: Sulphur atom in a thiophene ring has high polarizability
that gives it a prominent electron donating property. Thiophenes can also be readily
modiﬁed at different positions of the ring. Attaching different side chains to increase
its solubility in common solvents is possible. Polythiophenes (PT) are one of the most
widely used conjugated polymers for OSC application. The band gap of PT is 2 eV [14].
This high band gap is due to its aromatic structure as discussed above. The absorption
spectra of these class of polymers is narrow which makes their solar harvest poor. A
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number of PT donor polymers were synthesized by coupling the thiophene units in
different ways. Among them Poly 3-hexyl thiophene (P3HT) (see Figure 2.7a) is one
of the most studied polymers. As shown in Figure 2.6, P3HT can harvest the solar
spectrum below 600 nm and its photon absorption from AM 1.5 solar irradiance is <
20%. This narrow absorption is detrimental to the photocurrent generation which in
turn will affect the power conversion efﬁciency of P3HT based OSCs.
Figure 2.6: Spectral coverage of absorption of P3HT (dashed line) with AM 1.5 solar irradiance. The
integrated photon below each wavelength is shown with dotted line.
PT are used as donor units in D-A copolymers due to their excellent electron do-
nating property. The electron donating property of these class of polymers can be im-
proved by fusing two thiophene units as in thieno[2,3-b]thiophene or coupling them
with benzene as in benozodithiophene (BDT) etc.. (see Figure 2.7c and d)
Figure 2.7: Chemical structure of a) Thiophene b) P3HT c) Thieno[2,3-b]thiophene d) Benzo[1,2-b:4,5-
b’]dithiophene-4,8-dione
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Isoindigo as acceptor unit: As compared to the electron rich polymers, electron de-
ﬁcient units are few in numbers due to the challenge in synthesis. Few of them in-
clude quinoxaline, diketopyrrolo [3,4-c]-pyrrole-1-4-dione (DPP), theino[3,4-c-pyrrole-
4-6-dione (TPD) and isoindigo. Isoindigo is a structural isomer of the famous indigo
dye, which is widely used in dye industry (see Figure 2.8). It has a symmetrical lactam
ring structure that gives it a strong electron withdrawing character [15]. It is brown
coloured with absorption maxima at 365 nm and 490 nm [16]. Raynold et. al. [17] used
isoindigo for the ﬁrst time as an acceptor unit to build small molecules for OSC appli-
cation in 2010. Besides its outstanding electron withdrawing character, isoindigo shifts
the LUMO level of the resulting copolymer to a desired value for OSC application
[16]. The power conversion efﬁciency of the ﬁrst OSC reported on 2010 by Reynold
using isoindigo containing small molecules was only 1.76% [17]. A power conversion
efﬁciency exceeding 7% was reported by Zaifei et. al. [18] in 2013. Latter, Lei et. al. re-
ported an OSC based on isoindigo containing copolymers with a power conversion
efﬁciency of 8.05% [19]. This is the maximum power conversion efﬁciency of isoindigo
based OSCs reported to our knowledge.
Figure 2.8: Chemical structure of indigo (left) and isoindigo (right). Isoindigo is a structural isomer of
indigo dye
Thiophene-isoindigo copolymers:Materials characterized in thiswork: Three copoly-
mers based on isoindigo as acceptor unit were designed and synthesized. The detail
of the synthesis scheme and structural characterization is well documented in Dr. Ze-
lalem’s PhD thesis [20]. The motivation for the synthesis of the copolymers is to in-
crease the spectral overlap with solar irradiance thereby reducing the band gap. Three
of the copolymers have a slight structural change in the D polymer unit. A structure-
property relation that can help improve the performance of such copolymers based
OSCs can be drawn with these slight structural changes. The isoindigo unit in these
copolymers has 2-octyldodecyl side chains as shown in Figure 2.9.
The ﬁrst copolymer was synthesized using a bi-thiophene as a D polymer unit. The
second and the third polymers have terthiophene D polymer unit. The ﬁrst copolymer
is named P2TI the second and the third copolymers are P3TI-1 and P3TI-2 respectively.
All the three copolymers are soluble in common solvents. They have a similar dark
blue color. P2TI has lower molecular weight than the other two probably due to the
absence of solublizing alkyl side chains (see Table 2.1). Long alkyl side chains were
attached chemically in P3TI-1 and P3TI-2 to increase their solubility. Their molecular
weight was also improved bymore than 2 fold from P2TI. The alkyl side chain attached
to P3TI-1 (C8H17) was 4 methyl units lower than the side chain in P3TI-2 (C12H25).
A density functional theory (DFT) calculationwas done on one representativemonomer
unit of a terthiophene-isoindigo copolymer using Gaussian 09 package. A B3LYP func-
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Table 2.1: Characterization of copolymers: Mn is number weight, Mw is molecular weight and PDI is the
ratio of Mw to Mn
Copolymer Mn Mw PDI
P2TI 6,677 21,557 3.1
P3TI-1 27,405 67,519 2.4
P3TI-2 19,159 45,673 2.3
Figure 2.9: Synthesis scheme and structure of copolymers: IS(isoindigo)with 2-octyldodecyl side chains
is the acceptor unit in all the three copolymers. The donor units are shown on the left.
tional with basis set CEP-31G was used to calculate the HOMO and LUMO levels of
the aforementioned copolymer. The result is shown in Figure 2.10. The electron den-
sity in the HOMO is delocalized along the backbone but in the LUMO it is mainly
localized on the isoindigo unit. Similar results are expected for all the three polymers
because the structure change is very small. Therefore, the HOMO-LUMO transition in
the above three copolymers have an intramolecular charge transfer character.
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Figure 2.10: DFT calculation on P3TI-2 monomer. The electron cloud in the HOMO level is delocalized.
Due to intramolecular charge transfer between the D and A units, the electron density in the LUMO is
mainly concentrated on the A unit.
2.4 Working principle of organic solar cells
The conversion of solar light into electric power using OSCs is a multi step electronic
process as opposed to thermal. The steps are sketched in Figure 2.11 and can be sum-
marized as follows:
• Step-1 Absorption of photons and exciton generation: Absorption coefﬁcient of
conjugated polymers is relatively high as compared to inorganic semiconductors
like Si. For example, absorption coefﬁcent of P3HT is ≈ 10 times higher than a
crystalline Si [21]. Generally, a thin polymer ﬁlm of thickness ≈ 1 μm can absorb
most of the solar irradiance within its absorption bandwidth. Absorption of pho-
tons promotes an electron from the HOMO of a polymer to the LUMO leaving
behind a hole. The hole in the HOMO and the electron in the LUMO are tightly
bound by Coulomb force. This electron-hole pairs are called exciton.
• Step-2 Exciton diffusion: The tightly bound exciton then diffuses to the nearest
donor/acceptor (D/A) interface. Exciton diffusion is mainly determined by its
diffusion length. A typical exciton diffusion length in conjugated polymers is 5 -
20 nm.
• Step-3 Exciton dissociation: The electron will be transferred to LUMO of the
acceptor leaving behind the hole in the donor HOMO. The dissociated electron
and hole are still bound by a Coulomb force at the D/A interface. The bound
electron and hole pairs are called charge transfer (CT) exciton.
• Step-4 CT exciton dissociation: Free charge carrier will be generated by the dis-
sociation of CT exciton. The hole on the donor polymer and the electron on the
acceptor material are now free and can move within the respective materials.
• Step-5 Charge transport and collection: The free electrons and holes will bemov-
ing through their electron and hole transporting materials respectively to their
respective electrodes. The charge mobility and the percolation paths within the
active layer are the main determining factors at this step.
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Figure 2.11: Sketch of working principle of organic solar cells. An incident photon generates exciton.
The exciton will diffuse to the nearest D/A interface and dissociate into a CT exciton. The CT exciton
will ﬁnally dissociate into free charges that can be collected in an external circuit.
2.5 Current-voltage characteristics
An OSC is simply a Schottky diode in which a semiconductor is sandwiched between
two asymmetric electrodes. The current density (current per unit area) of such devices
is given by the following equation:
JD = J0[exp(
−qV
nkBT
)− 1], (2.1)
where JD is the total current density in dark, J0 is the reverse saturation current density,
q is the elementary charge, kB is Boltzmans constant, T is temperature in Kelvin and n
is diode ideality factor. The diode ideality factor is a measure of recombination in the
cell has a value between 1 and 3 for OSCs. As shown in Figure 2.12a, a solar cell under
illumination generates photocurrent (JPh). The current density of a solar cell under
illumination will then be
J = J0[exp(
−qV
nkbT
)− 1]− JPh. (2.2)
The power a solar cell dissipates in an external load is a product of current and volt-
age. Hence, the performance of a solar cell is determined not only by the illumination
but also by the load. Therefore, a standard J-V characterization method was needed.
In this method, J-V measurement is taken under simulated AM 1.5 sun with applied
voltage to simulate different resistors. The photovoltaic parameters that determine the
efﬁciency of the solar cell can be extracted from the J-V curves as shown in Figure 2.12a.
These photovoltaic parameters are summarized below.
• Short circuit current density (JSC): A short circuit current is the current that ﬂows
through a solar cell when the applied voltage is zero. Since the actual measured
current of a solar cell is linearly dependent on the area, it is customary to use the
term current density than current. As shown in Figure 2.12a, the J-V curve under
illumination is displaced by JSC from the dark J-V curve. This current density is
due to part of the photo-generated charge carrier that are collected in the external
circuit.
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• Open circuit voltage (VOC): This is the value of the voltage when there is no
current ﬂowing through a solar cell under illumination. Therefore, the photogen-
erated charge carrier at this condition are cancelled out due to some loss mecha-
nisms.
• Maximum power (PMax): The maximum power a solar cell generates is given by
the largest area of a rectangle under the J-V curves in the fourth quadrant (see
Figure 2.12a). The voltage and the current at PMax point are termed VMax and
IMax respectively.
• Fill factor (FF): In an ideal condition PMax corresponds to the product of VOC×ISC
(the blue rectangle in Figure 2.12a). But due to many loss mechanisms in the
device, the PMax < VOC×ISC. The squareness of the J-V curve determines the
PMax. FF is the measure of this squareness and is given by:
FF =
VMax × IMax
VOC × ISC . (2.3)
Power conversion efﬁciency (η) of a solar cell is the ratio of the output power to
the incident power on the cell. The above four parameters are used to determine
the η of a solar cell under an incident illumination of power Pincident as follows:
η =
PMax
Pincident
= FF× ISC ×VOC
Pincident
. (2.4)
Besides the photovoltaic parameters, the serial (Rs) and the shunt (Rsh) resistances
can also be calculated from the J-V curves. As shown in the equivalent circuit of a solar
cell in Figure 2.12b, the Rs and Rsh account for all the resistances in the solar cell device.
The Rs is determined by the resistances in the bulk and at both interfaces inside the
bulk and the bulk with the electrodes. The Rsh accounts for any leakage current. This
leakage can be due to some defects in the preparation of the device. These macroscopic
parameters can be used to determine charge loss mechanism in the solar cell. A diode
under low applied voltage does not start conducting, therefore all the photogenerated
current passes through Rsh. At intermediate voltages, the diode is conducting and the
J-V curve is determined by the diode parameter J0 and n. At high voltages, the current
ﬂow is predominantly determined by Rs. The three regions provide a thumb rule to
determine the Rsh and Rs from J-V curves. The inverse slope of the J-V curve around
JSC gives the value Rsh per unit area. Similarly, the inverse slope of the J-V curve around
VOC will be Rs per unit area. The value of the Rsh and Rs determine the FF which is one
of the parameters that determine power conversion efﬁciency. An ideal solar cell has a
very high Rsh to block any leakage current and very low Rs.
14
Stellenbosch University  https://scholar.sun.ac.za
Figure 2.12: a) Current density - Voltage Characteristics of a solar cell in dark (dashed line) and under
illumination b) Equivalent circuit of a solar cell. The Rsh resistance accounts for leakage current and RS
is due to any hindrance to the current ﬂow in the solar cell.
2.6 The bulk heterojunction concept
The development of OSCs’ architecture started with the simplest single layer OSC
by Weinberger et. al. in 1982 [22]. In such devices, the organic semiconductor is sand-
wiched between two asymmetric electrodes, usually indium tin oxide (ITO) and Al.
An incident light promotes an electron from the polymer HOMO to the LUMO leaving
behind a hole in the HOMO. This tightly bound exciton can be dissociated by the elec-
tric ﬁeld created due to the the work function difference between the two asymmetric
electrodes. Exciton dissociation in such devices is inefﬁcient. Consequently, the power
conversion efﬁciency of a single layer OSC is poor, usually < 0.1% [23].
The second generation is a bilayer OSC. In this architecture, two layers of organic
semiconductors with different electron afﬁnity and ionization potential are deposited
on top of each other as an active layer of the OSC device. Tang et. al. reported the ﬁrst
bilayer OSC using a vacuum deposited CuPc/perlene derivative as donor/acceptor
(D/A) materials respectively [24]. The exciton generated in donor organic material af-
ter photo-excitation can be dissociated at the D/A interface. Exciton should diffuse to
the D/A interface for dissociation. Exciton diffusion length which is typically 5 - 20 nm
is a determining factor for dissociation. Therefore, excitons generated further from the
diffusion length will have a very low probability of dissociation. The exciton dissoci-
ation efﬁciency in this case can be increased by decreasing the thickness of the donor
material but that will limit the photon absorption. The power conversion efﬁciency of
bi-layer OSC never exceeded 1% [25].
The third generation and the most efﬁcient architecture is bulk heterojunction
(BHJ) OSC. The motivation for this generation of solar cells was to increase the D/A
interface in the bi-layer geometry. The active layer is composed of donor and accep-
tor materials which are intermixed in such a way that the interface between the D/A
is ideally in the entire active layer. The exciton generated in the donor material can
diffuse to the nearest D/A interface for dissociation. The dissociated electron and hole
will then ﬁnd their way to the electrodes. The ﬁrst BHJ was fabricated using MEH-PPV
and a methano-functionalized C60 derivative composite sandwiched between ITO and
Ca electrodes [26]. The power conversion efﬁciency of the ﬁrst BHJ OSC was 2.9%.
The efﬁciency of BHJ solar cells has now increased to a power conversion efﬁciency
exceeding 10% in single junction[8, 9]and 11% in multi-junction solar cells [27].
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Figure 2.13: Generation of OSC from left to right: Single Layer, Bilayer, Bulk heterojunction, Ordered
heterojunction. Exciton dissociation increased from the single layer to the bilayer OSC. In BHJ OSC
exciton dissociation efﬁciency was almost unity but the charge carriers might not reach the electrodes if
the active layer morphology does not favour it.
2.7 Morphology of active layer of BHJ organic solar cells
In the above discussion, it is clear that one of the main power conversion efﬁciency
limiting factor in BHJ OSCs is the morphology of the active layer. Exciton from the
donor polymer will diffuse to the D/A interface for dissociation. The interface should
be within the diffusion length of the exciton which is 5 - 20 nm. After dissociation
the electron in the acceptor material and the hole in the donor polymer should also
diffuse to their respective electrodes within their respective materials. The donor and
the acceptor materials should thus have a continuous path to the electrodes. The de-
sired morphology of the active layer of a BHJ OSC is a continuous interpenetrating
networks and separated donor and acceptor phases with a domain size comparable to
the exciton diffusion length. The desired morphology looks like the ﬁgure below.
Figure 2.14: Ideal morphology for high performance organic solar cell. In such morphology of BHJ OSC
active. layer, the exciton in the donor material will dissociate 100% as the thickness of each donor mate-
rial pillars is equivalent to the exciton diffusion length. After dissociation, the electron and hole will be
drifted to the electrodes by the electric ﬁled in the device [28].
A morphology that is far from the ideal shown in Figure 2.14 decreases the power
conversion efﬁciency of the solar cell. Instead of having pillars of donor and accep-
tor polymers as in the ideal case, if the morphology is full of intermixed D/A phases
exciton dissociation will be ultra-fast (< 100 fs). But if donor and acceptor phases are
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separated with large domain sizes, exciton dissociation will be diffusion limited. Such
delayed charge generation was reported in P3HT:PCBMOSC prepared using additives
[29] and also small molecule solar cells [30]. Howard et.al. [31] also reported amorphol-
ogy related delayed exciton quenching in his work on regioregualr (RR)-P3HT:PCBM
and regiorandom (RRa)-P3HT:PCBM OSCs. Thus, charge generation from singlet ex-
citon occurs in a time scale that goes from femto-seconds to tens of picoseconds [29,
30, 32? ? ]. After the exciton is quenched, the CT exciton and the free charge dynam-
ics will proceed (see Section 2.4). Percolation pathways which are donor and acceptor
phases in the morphology affect the CT exciton and free charge carrier recombination
dynamics. If CT exciton in such domains cannot diffuse far enough to avoid Coulomb
attraction, they might eventually recombine. In cases where they are able to avoid this
Coulomb attraction and dissociate into free charge carrier, if there are no uninterrupted
pathways to each of the charge carriers that lead to the respective electrodes they will
end up recombining before being collected by the external load.
Besides exciton quenching efﬁciency and free or bound charge carriers recombi-
nation, the open circuit voltage and ﬁll factor of an OSC can be inﬂuenced by the
morphology if the active layer/electrodes interfaces induce extraction barrier due to
accumulation of undesired phases.
Figure 2.15: A cartoon that shows the effect of morphology on CT exciton and free charge carrier recom-
binations: the exciton dissociated at the D (light green)/A (brown) interface 1 will recombine readily
as they can’t diffuse longer to avoid Coulomb attraction between them, 2 free charge carriers will re-
combine even if they can avoid Coulomb attraction because the percolation path is interrupted before
reaching the electrodes and 3 the electron and hole have a chance of being collected
Therefore, the nanomorphology of the active layer of a BHJ OSC is a crucial param-
eter that needs to be carefully optimized for high power conversion efﬁciency. Solvent
additives and co-solvnets are used as one of the methods to optimize morphology of a
BHJ active layer. The solvent additives or co-solvents are usually added in a very small
volume ratio to the polymer/fullerene solution before spin coating. An example of the
active layer images taken by transmission electron microscopy (TEM) is shown in Fig-
ure 2.16 [33]. These images were the active layer of an OSC based on BHJ composite of
diketopyrrolopyrrole-quinquethiophene (PDPP5T) copolymer as donor and phenyl-
C71-butric-acid-methyl-ester (PCBM71) as fullerene acceptor. For TEM measurements
the active layer of the PDPP5T:PCBM71 based OSC was ﬂoated from PEDOT:PSS cov-
ered indium tin oxide substrate using water to dissolve the PEDOT:PSS layer. The
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PDPP5T:PCBM71 layer was deposited on 200 square mesh copper grids. Therefore,
the images thus show a depth information. As shown in the Figure 2.16, chloroform
(CF) and o-dichlorobenzene (oDCB) as co-solvents in different volume % was used to
dissolve the polymer/fullerene blend. The power conversion efﬁciency of the OSCs
goes from 2%, for without oDCB (co-solvent), to more than 5% after adding 3% vol-
ume of oDCB. The report attributes this drastic increase in power conversion efﬁciency
to the enhanced intermixing of polymer with PCBM71.
Figure 2.16: Bright-ﬁeld TEM PDPP5T:PCBM71 (1:2 w/w) ﬁlms spin coated from CF and oDCB (co-
solvent). The Scale bar is 600 nm. The intermixing in the active layer has increased as the volume of
oDCB increases from 0% to 3%. This can be seen by the absence of separated black domains in the active
layer [33].
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3. Photo-physics, charge generation and
recombination dynamics in OSCs
Photo-conversion in any solar cell is determined by the interaction of photon with
the semiconductor in the active layer mainly. This interaction is determined by many
factors that includes its band gap, optical and electrical properties. In this chapter, I
will give a brief introduction to photon-matter interaction processes that are relevant
to photo-conversion in OSCs.
3.1 Steady state absorption and ﬂuorescence in
copolymers
The ﬁrst photo-generation step in a solar cell is absorption of solar irradiation. Absorp-
tion of photons of energy above the band gap of a material promotes an electron from
S0 to a higher singlet state, Sn, n>0 via allowed transitions. Lambert-Beer law states
that the amount of light transmitted through a material is dependent on three param-
eters: the concentration (c) of the absorbing material, the optical path length (d) the
light has to travel thought the sample and the probability of photon of speciﬁc energy
is absorbed by the material, also called extinction coefﬁcient () of the material. The
optical density of a material is given by
OD = log
I0
It
= cd, (3.1)
where I0 and It are the incident and transmitted light intensities respectively.
The alternation between double and single bonds in the backbone of conjugated
polymers lead to π → π∗ electronic transitions. There is an additional contribution in
D-A copolymers. Jaspersen’s et.al. [34] work on electronic transitions of a polyﬂourene
(PFO) based copolymer is one of the ice breaking studies. They found the neat PFO
polymer has a single absorption peakwhile the PFO based copolymers consisting of al-
ternating 9,9-ethylhexyl-9H-ﬂourene and 4,7-di-thiophene-2-yl-benzo[1,2,5]thiadiazole
units showed two distinct absorption bands. They called this two distinct absorption
bands structure a ’camel back’ structure. Absorption spectra with two distinct bands, in
the short and long wavelength regions, is typical to copolymers. The short wavelength
region absorption peak in the neat PFO and the PFO based copolymer was approx-
imately at the same position. Hence, this absorption band is due to the conjugation
in the chain that leads to π → π∗ transition. They assigned the longer wavelength ab-
sorption band to the transition due to the intramolecular charge transfer (ICT) between
the D and A units.
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Absorption of photons excites an electron form S0 to Sn, n > 0. The excited electron
sits in its Franck Condon state before vibrationally relaxing back to S1. Then, the elec-
tron will relax back to S0 by emitting photons and this process is called ﬂuorescence
(FL). Since FL occurs from a vibrationally relaxed state, its spectrum is red shifted from
the absorption spectrum. This shift is called stokes shift.
Solvent effect on absorption and ﬂuorescence spectra
Absorption and FL spectra of a molecule can be affected by the change in the polar-
ity of a solvent. This solvent induced change in the spectra of a molecule is called
solvatochromism. The interaction between the solvent and molecules is dipole-dipole
interaction which is determined by the polarity of both the solvent and the molecule.
Normally a molecule has a higher dipole moment in the excited state (μe) than the
ground state (μg). Therefore, absorption spectrum is usually not affected by the change
in polarity of the solvent but FL spectrum is sensitive to this change.
In cases where the molecule is dipolar and the solvents are not, there will be no
solvatochromism in FL. The emission of photons will be due to the relaxation of elec-
tron from the ﬁrst singlet excited state called locally excited state (LE) to the ground
state. But if the polarity of the solvent is strong enough to interact with the dipolar
molecule, the solvent interacts with the exited state dipole moment (μe). After photo-
excitation the solvent will re-orient itself around ’μe’ as shown in Figure 3.1, then sol-
vent relaxation will take the molecule from its Franck Condon state to the excited state
equilibrium. Emission of photons comes from this relaxed state. In this case, solvent re-
orientation and relaxation back to the ground state will be competing processes. If the
time for solvent reorientation (τR) is longer than the time for relaxation to the ground
state (τG), the emission occurs from LE state before any solvent reorientation. But if τR
<< τG, the solvent will reorient itself around ’μe’ before relaxing back to the ground
state. The emission will thus be from this relaxed state. Increasing the polarity of the
solvent will further lower the relaxed state. Consequently, the FL spectrum will be red
shifted with increasing solvent polarity.
The dipole moment of a molecule can increase if the excited states shows partial
or full charge separation. In D - A copolymers intramolecular charge transfer between
the donor and the acceptor unit can fully/partially separate the charge carriers. As dis-
cussed in the above section, their π electronic structure can be described by two me-
someric structures: D− A ⇔ D+ = A− , the latter being dipolar. These two mesomeric
structures can exist both in the ground and excited states. From our DFT calculation
in one monomer unit of one of our copolymers (shown in Figure 2.10), we concluded
that the copolymers studied in this work showed a signiﬁcant charge separation in
the excited state than in the ground state. This dipolar excited state will be sensitive
to solvent polarity which will bring the equilibrium excited state closer to the ground
state. This equilibrium excited state is called intramolecular charge transfer (ICT) state.
In such cases, a signiﬁcant red shift in FL spectra is expected with increasing solvent
polarities. But this dipolar character might not be true to all copolymers.
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Figure 3.1: Solvent relaxation of a dipolar molecule in a polar solvent takes the molecule from the ﬁrst
excited Franck Condon state to the relaxed state if τR << τG. Increasing solvent polarity further lowers
the relaxed state which consequently will red shift the FL spectrum. In case of D-A copolymers this
relaxed state is ICT state.
3.2 Charge photogeneration in bulk heterojunction
OSCs
The D-A copolymer should be blended with an acceptor material, usually fullerene,
to serve as an active layer of a BHJ OSC. This active layer is sandwiched between
two asymmetric electrodes to ﬁnally produce an OSC. The D-A copolymer will here
be called a donor material for simplicity. One of the differences between inorganic
and organic solar cells as discussed above is the generation of free charge carriers is
not straight forward in the latter. After photoexcitation the exciton that reached the
donor/acceptor interface will dissociate. But, the electron and hole are still bound as
charge transfer (CT) exciton. The existence and the dissociation of CT exciton was con-
troversial. In this section I will present some of experimental reports for the existence of
CT exciton and dissociation models. I will also discuss some theories that were applied
to similar systems.
3.2.1 Experimental evidence of the presence of inter-facial charge
transfer states
The existence of CT states was experimentally shown using techniques that can probe
the absorption and emission of this state. The CT state lies below the band gap of
the respective donor or acceptor material. Therefore, its emission or absorption is red
shifted with respect to the donor or acceptor materials.
Sensitive absorption techniques are needed to probe CT states as the absorption co-
efﬁcient of this state is very low [35]. A highly sensitive technique to measure external
quantum efﬁciency in the region of CT absorption using Fourier-transform photocur-
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rent spectroscopy was successfully used to probe this state [36]. In this technique, a
photo-current generation below the band gap of the pristine donor or acceptor mate-
rials was observed indicating a new absorbing state is generated in the blend of the
donor and acceptor materials.
After photoinduced electron transfer from the excited donor to the acceptor, the
electron in the acceptor and the hole in the donor side can recombine radiately, which
makes it possible to probe CT states with photo-luminescence(PL) technique. This ra-
diative recombination generates an additional PL signal that is not either in the donor
or acceptor materials. Hasharoni et. al. in 1997 ﬁrst reported a weak near infra red PL
signal in the blend of MEH-PPV and fullerene [37]. A number of reports came latter in
many material combinations. The PL spectra of the blend could be deconvolved into
PL from both the pristine donor and acceptor materials and a new red shifted PL from
the CT state.
Electroluminescence (EL) spectroscopy was also used to probe emission of the CT
state by injecting electrons to the acceptor and holes to the donor materials. Similar to
the PL signal, a red shifted additional EL signal to the pristine materials was observed
in the blend [38].
3.2.2 Theoretical background of CT states and their dissociation
Before discussing photogeneration in OSCs, it is important to see some theories that
were applied to similar systems.
Marcus theory of electron transfer
Marcus theory of electron transfer (ET) was developed in 1956 [39] and has been ap-
plied to many chemical systems and conjugated polymer blends [40–42]. In his theory,
he considers reactant and product potential energies as parabolic functions of reac-
tion coordinates (see Figure 3.2). ET occurs at the intersection point of the reactant and
product potential surfaces. This is to satisfy both the requirements of conservation of
energy and Frank Condon principle which states ET occurs very quickly that the nu-
clear does not get enough time to change its coordinates. In the case of conjugated
donor (D) and acceptor (A) polymers, ET occurs at the intersection of the potential sur-
faces of the excited donor/acceptor (D∗/A) and the charged donor/acceptor (D+/A−)
as shown in Figure 3.2. ET is an activated process which occurs with an activation en-
ergy of ΔG#. ΔG# is a function of Gibbs free energy (ΔG0) and reorganization energy
(λ) and is given by:
ΔG+ =
(λ + ΔG0)2
4λ
. (3.2)
The reorganization energy λ, is the energy required to bring the reactant and its
surroundingmedium to the equilibrium geometry of the product state. This energy can
be vibrational contribution due to the change in nuclear geometry as a result of electron
transfer or solvent contribution due to the change in polarization of the surrounding
medium to stabilize the product.
ET rate constant (kET) is given by the following equation:
kET =
2π
h
√
4kTπλ
V2exp(− (λ + ΔG
0)2
4λkT
), (3.3)
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Figure 3.2: Marcus Theory: ET occurs at the intersection of potential surfaces of D∗/A and D+/A− with
an activation energy ΔG# which is determined by ΔG0 and λ.
where V is a matrix element that determines the electronic wave coupling between the
reactant and the product or in case of organic solar cells the electronic wave coupling
between the donor and acceptor materials. Marcus theory predicts when the free en-
ergy for charge separation in D-A systems (−ΔG0) is equal to λ, ET in such systemswill
proceed with no barrier. A further increase in −ΔG0 will decrease the ET by increasing
the barrier for charge transfer. This region is called Marcus’s inverted region
Marcus theory was successfully used to explain intramolecular charge transfer in
solution of donor-acceptor dyads (oligomer-fullerene dyads)[42] and a tree like poly-
mer of donor-acceptor dendimer [41]. The two studies showed as the solvent polarity
increases, D+ = A− is the charge separated stable structure in the excited molecules.
The polarity of the solvent directly inﬂuences the reorganization energy of the system.
In the above two report on donor-acceptor systems [41, 42], they showed an increase in
kET as the polarity of the solvent increases. The application of Marcus theory to solid
ﬁlms needs a slight modiﬁcation to include the presence of acceptor bands instead of a
molecular level. VanHal et. al [42] also observed a considerable difference in ET kinetics
of the donor-acceptor dyads in solids from solutions. They concluded that charge sep-
aration in solid ﬁlms is ultra-fast due to a fast intermolecular charge transfer reaction
between adjacent dyad molecules, which is very unlikely to happen in dilute solution.
In solid state, the donor and acceptor chromophores of different dyad molecules are
in close proximity which makes the intermolecular charge transfer dominate the ET
process.
Besides singlet excitons in some polymers usually D-A copolymers, photoexcitaion
induces an intramolecular charge transfer (ICT) between the donor and acceptor units
within the polymer chain. The inﬂuence ICT character of a polymer to the power con-
version efﬁciency of OSCs was not given that much attention until very recently. Sin-
glet excitons were believed to be disociated only when an acceptor material is blended
in the OSC active layer. Chen’s [43] group reported ultrafast intramolecular exciton
splitting into intramolecular charge transfer (ICT) and intramolecular CS states. They
reported a linear relation between the population intramolecular CS states and photo-
voltaic performance of OSC for a series of D-A copolymers. They were able to conclude
that ultrafast exciton splitting into partially and fully separated charges within a single
copolymer chain lowers the binding energy of exciton which is detrimental to power
conversion efﬁciency of OSC. It is easier to observe ICT state when the polymers are
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in dilute solution where there is negligible/no interchain interaction. There are also
some reports of ICT state in pristine ﬁlms [44]. But generally in solid ﬁlms, there is a
strong interchain interaction. Consequently, the charge carriers might rather go to the
neighbouring chains. This interchain interaction is usually ultrafast as was reported by
Van Hal et.al. [42].
Onsager - Braun theory
Geminate recombination of Coulomb bound electron-hole pairs was ﬁrst quantita-
tively described by Onsager [45]. He assumes an incident photon with enough en-
ergy to ionize molecules in a medium of dielectric constant, r, creates a metastable
coulomb-bound electron-hole pairs (CT exciton) with a separation, r0. This CT exci-
ton will undergo a Brownian motion. In the course of this random motion, they will
have several attempts of dissociation by the process called auto-ionization or recom-
bine geminately on their ﬁrst encounter. This is called inﬁnite sink approximation. The
model assumes a photon absorption generates localized hole and ’hot’ electron. This
’hot’ electron will undergo a random motion until it losses it energy at some termaliza-
tion distance, ’a’. He deﬁned a capture radius also called Onsager radius, rc, to be the
distance at which the coulomb attraction is equal to thermal energy, kBT and is given
by
rc =
e2
4πr0kBT
, (3.4)
where e is the charge of an electron, r is the dielectric constant of the materials, 0 is
the permittivity of a vacuum, kB is Boltzmann’s constant and T is temperature. The
recombination of CT exciton depends on the themalization length, ’a’. If ’a’ is larger
than the capture radius, rc, the electron and hole are not bound. In this condition
free charge carriers are generated. But, if ’a’ is smaller than rc, recombination to the
ground state and escape from the Coulomb attraction become two competitive pro-
cesses. Therefore, the above equation emphasizes the importance of dielectric constant
in the generation of free charge carriers from bound CT excitons. In inorganic materi-
als like Si, (r > 11), the capture radius is small. Hence, free charge carriers generation
due to photo-excitation is efﬁcient. In contrast, organic semiconductors have a low di-
electric constant(r < 4), which makes the capture radius larger that the electrons that
thermalize within this radius will be going through competitive processes between re-
combination and dissociation into free charge carriers. In dye sensitized solar cells this
problem is overcome by using TiO2 (r ≈ 80) as an electron transport material.
Onsager formulated the escape probability (P(E)) of a themalized CT exciton as
follows. In the presence of electric ﬁeld (E), the Coulomb potential will be lowered.
The escape probability is thus dependent on electric ﬁled (E), thermalization distance
’a’, and temperature, T, and is given by the following equation.
P(E) = exp(
−rc
a
)(1+
erc
2kBT
E). (3.5)
In Onsager’s ’inﬁnite sink approximation’model, if the separation of the ions reaches
zero the CT exciton will recombine irreversibly. This excludes the life time of CT state.
Braun latter revised Onsager’s model by incorporating a ﬁnite life time and reversible
recombination dynamics to the CT exciton. The CT exciton can either undergo gem-
inate recombination with a rate krec = τ−1 to the ground state or dissociate into free
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chargeswith a rate constant of kdiss(E). The escape probability in Onsager-Braunmodel
is thus given by
P(E) =
kdiss(E)
krec + kdiss(E)
= kdiss(E)τ(E), (3.6)
where τ(E) is the lifetime of CT exciton.
The dissociation rate in Onsager-Braun model is dependent on measurable param-
eters that include Electric ﬁeld (E), mobility of electron and hole, μe and μh respectively,
temperature (T) and is give by the following equation.
kdiss(E) =
3e 〈μe + μh〉
4πr0a3
exp(
−Eb
kBT
)[1+ b+
b2
3
+
b3
18
+ ....], (3.7)
where Eb = e2/4πr0a is the binding energy of the CT exciton and b = e3E/(8πr0k2bT
2),
where the ﬁnal summation is the ﬁrst order approximation of Bessel function.
3.2.3 Dissociation of CT state into free charge carriers
The above discussed theories can be used as a basis for discussing charge photogen-
eration in OSCs. The main processes involved in charge photogeneration in OSCs are
summarized in Figure 3.3. Photo-excitation promotes the electron in donor (D) from
the HOMO into the LUMO by generating an S1 singlet exciton, (D∗). The exciton can
be quenched by transferring its electron to the LUMO of the acceptor usually fullerene.
At this stage the exciton state evolves to a Coulombically bound electron-hole pairs in
a charge transfer (CT) state (D+/A−). The initial electron transfer generally creates a
’hot’ CT state with excess thermal energy (ΔGCT) due to the energy difference between
the excitonic and CT state. The dissociation of the ’hot’ CT state depends on the ther-
malization distance ’a’ versus the Coulomb capture radius, rc as discussed above in
Onsager theory. If the CT state thermalizes at a > rc, it will dissociate into free charge
carriers in the manifold of charge separated (CS) state. The free charge carriers will
diffuse away from each other and if they avoid bimolecular recombination they will be
collected by their respective electrodes. But if it thermalizes at, a < rc, the thermalized
CT state might undergo a geminate recombination to the ground state, S0. The long
lasting debate in the community of OSCs is whether charge carrier are generated from
the ’hot’ CT state or the ’relaxed’ CT1 state (see Figure 3.3).
There are two models of photogeneration in OSC: Photo-generation through the
’hot’ CT state and Photo-generation through ’relaxed’ CT state.
Photo-generation through the ’hot’ CT state
If charge carriers are generated through the ’hot’ CT state, the competition will be
between themalization and dissociation. This process is similar to auto-ionization in
intrinsic charge carrier generation from higher lying states in pristine organic semi-
conductor. The internal conversion process is ultrafast, in the order of 100 fs. The dis-
sociation process should also be at least on the same time scale for charge genera-
tion.Grancini et.al. report charge generation from ’hot’ CT state is extremely fast from
50 fs to a 100 fs regime [47]. In this theory once the ’hot’ CT state thermalizes to CT1,
it has no chance of dissociation. It will recombine geminately to the ground state, S0
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Figure 3.3: Energy levels summarizing charge photogeneration in OSCs. Photoexcitation generates a
singlet exciton (S1). The exciton is quenched at a rate of kCT∗ to a ’hot’ CT∗ state with excess energy of
ΔGCT . CT∗ will either dissociate into free charges in CS∗ at a rate of kCS∗ or thermalize to CT at a rate
of kCTtherm. If this CT state can not separate, it recombines geminately (kB). The separated charges in CS
∗
loose the thermal energy (kCStherm) and relax to CS which makes the total energy loss in the system ΔGCS.
Finally, if the free charges can not be collected by the electrodes, they will recombine bimolecularily (kB)
[46]
because it doesn’t have enough driving force to overcome the Coulomb attraction. The
binding energy of this CT state is estimated to be approximately 0.1 - 0.5 eV [48, 49].
Photo-generation through ’relaxed’ CT state
If thermalization to CT1 state is faster than the charge separation process, the CT states
will be relaxed. The question is: if charge photogeneration occurs from this relaxed
CT state what is the driving force for this dissociation? A number of experimental
evidences were reported to support the ’relaxed’ CT state theory [31, 50].
A review by Bassler et. al. [51] explained charge dissociation through relaxed CT1
state as follows: the excess energy at the generation of CT state can be used to in-
crease the temperature of the system as it thermalizes. This effectively increases the
Boltzmann’s factor, whichmakes the thermalized CT1 state loosely bound. This loosely
bound but relaxed CT1 state, can escape the Coulomb attraction and contribute to free
charge carrier generation. The other plausible hypothesis they gave was, the excess en-
ergy might be dissipated in an exothermic process that ﬁnally leaves the electron-hole
pair loosely bound.
3.3 Geminate versus bimolecular recombination
dynamics
Charge carriers are efﬁciently generated from excitons at the donor - acceptor inter-
face than pristine donor polymers. The free and bound charge carriers (CT excitons)
have similar photoinduced absorption spectra. This creates a complication to spectrally
identify free and bound charge carriers photoinduced signatures in donor/acceptor
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blend ﬁlms. The CT excitons have a shorter life time due to their higher binding energy
than the free charge carrier. The other main difference is their recombination dynam-
ics: recombination dynamics of CT exciton is geminate while the free charge carriers’
recombination dynamics is bimolecular.
Geminate recombination is a ﬁrst order monomolecular recombination, whereas a
bimolecular recombination is a second order recombination. Geminate recombination
involves recombination of electron and holes generated from the same parent exciton.
Recombination of CT exciton is thus classiﬁed in this type of recombination. After dis-
sociation of the CT exciton, the electrons and holes are free. These free electrons and
holes from different excitons might recombine on their way to the electrodes. This type
of recombination is the second order bimolecular recombination. In bimolecular re-
combination, the free charge carriers should diffuse to their Coulomb capture radius
to recombine. But in geminate recombination, the charge carriers recombine because
they already are in their Coulomb capture radius.
The geminate recombination rate is independent of the density of charge carrier
whereas bimolecular recombination rate is scaled with concentration of holes and elec-
trons. The higher electron/hole concentration, the higher is the probability of bimolec-
ular recombinations. Therefore, as the pump ﬂuence is increased the life time of CT
state remains the same. However, the free charge carriers’ life time decreases due to
the increased probability of recombination with more charge carrier density.
The geminate recombination rate RG is given by
RG =
n(t)
τr
, (3.8)
where n(t) is the electron(hole) density at some time ’t’ and τr is the life time of CT ex-
citons. A bimolecular recombination includes recombination of mobile charge carriers
with trapped charges as well as recombinations of two mobile charge carriers. Hence,
the recombination dynamics can be calculated using Langevin theory. Langevin theory
can be applied to organic semiconductors because they have low charge carrier mobil-
ity. The bimolecular recombination rate, RB, can be calculated using Langevin theory
and is give by
RB = γn(t)p(t), (3.9)
with electron (n) and hole (p) density and the Langevin recombination prefactor, γ.
The Langevin recombination prefactor γ is given by:
γ =
e
r
(μe + μh), (3.10)
where e is charge of an electron, r is dielectric constant of the organic material and μe
and μh are electron and hole mobilities respectively.
3.3.1 Exciton-exciton annihilation and exciton-charge annihilation
Exciton-exciton annihilation Besides exciton quenching at the D/A interface, exciton
can be quenched through exciton-exciton annihilation (EEA). EEA is a process that oc-
curs by excitation energy transfer from one of the excitons to the other. It is a long range
interaction through Forster resonant energy transfer [52]. In the process one exciton re-
laxes back to the ground state (GS) and the other is promoted to higher energy level
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(EX∗) using the excitation energy of of the other exciton. The excited exciton ﬁnally
losses its energy through ultrafast internal conversion (EX). The process is summarized
as follows and is shown in Figure 3.4:
EX1 + EX2 →GS+EX∗2 →GS+EX2.
Figure 3.4: EEA scheme: Two EXs interact through Forster energy transfer. One of the EXs is promoted
to higher energy level Sn and the other EX relaxes back to the ground state. That leaves an excited EX∗
while relaxing the other to the ground as shown in the middle. EX∗ will looses its energy and relax back
to S1 (last).
EEA is determined mainly by the pump ﬂuence rather than morphology of active
layer and is a bimolecular process. For EEA, the excitation density should exceed 1.5×
1017 cm −3 [? ] which is much higher than the operational densities under 1 sun condi-
tion. Exciton dynamics at this pump ﬂuencewill have a very fast dynamics followed by
a longer one. The short dynamics is the intensity dependent EEA and the longer one is
the relaxation of excitons back to the ground state and is independent of pump ﬂuence.
EEA can be used to determine the diffusion length of an exciton. The rate equation for
a singlet exciton in a pristine donor polymer can be written as follows:
dN(t)
dt
= −N(t)
τ
− 1
2
γ(t)N(t)2, (3.11)
where N(t) is the exciton density at time ’t’, τ is the exciton life time without EEA, and
γ(t) is the bimolecular annihilation rate coefﬁcient for EEA. The annihilation rate γ(t)
is dependent on the dimensionality of the diffusion. Assuming 1D diffusion , γ(t) is
given by:
γ(t) = 4πDR
R√
2πDt
, (3.12)
where R is the effective interaction radius of singlet excitons, D is the diffusion constant
(i.e. LD = (Dτ)1/2)), LD is the diffusion length [52]. The derivation for γ(t) is found in
reference [52] and [? ].
Exciton-charge annihilation Under high pump ﬂuence, excitons specially in a BHJ
ﬁlm are subject to a bimolecular reaction with charges (exciton-charge annihilation
(ECA)) in addition to EEA. Charge generation in BHJ ﬁlms occurs in ultrafast time
scale below 100 fs and is efﬁcient. Consequently, ECA is more efﬁcient than EEA in BHJ
ﬁlms. Similar to EEA, ECA is also an interaction through a long range resonant energy
transfer between an exciton and a free charge. In this process, the exciton(EX) relaxes
back to the ground state (GS) while the free charge (FC) is excited to higher energy
levels (FC∗) which then looses it energy rapidly through ultrafast internal conversion.
The process can be summarized as follows:
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EX + FC →GS+FC∗ →GS+FC.
In conclusion, both EEA and ECA are processes that occur at high excitation densi-
ties. Both processes do not occur under the normal 1 sun condition.
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4. Experimental section
This chapter summarizes organic solar cell sample preparation, the methods used to
characterize their performance, morphology of active layers and photophysical study
techniques.
4.1 Sample preparation
Solar cell devices were prepared in inverted ITO-free geometry, see Figure 4.1. ITO is
one of the costly materials in the production of traditional organic solar cells (OSCs).
Besides its cost, it contributes to the degradation of OSCs. ITO etching is one of the
degradation mechainisms. Krebs and Norrman observed ITO etching in OSC device
(Al/C60/P3OT/ITO)[53]. ITO is coated with PEDOT:PSS to facilitate hole trasfport in
the traditional geometry. But ITO can be etched by PEDOT:PSS[54]. Hence, the sam-
ples in this work were prepared in inverted ITO-free OSC geometry. Glass slides were
cut in a dimension of 2.5 cm width by 1.5 cm length. The glass substrates were cleaned
with ultrasonic bath successively with detergent, acetone, iso-propanol and deionized
water each 10 min. A solution of ammonia:hydrogen peroxide:deionized water (1:1:5
v/v ratio) was heated to 85◦C for ﬁnal cleaning. The substrates were immersed in the
solution for about 5 minutes and rinsed thoroughly with deionized water. Now the
substrates are ready for electrode deposition. The substrates weremoved to a glove box
ﬁttedwith a thermal evaporator. Aluminium (80 nm) and Titanium (2 nm)were succes-
sively evaporated through a mask at a base pressure of ≈ 10−6 mbar. The glass/Al/Ti
layer was taken out of the glove box for 10 hours to oxidise the Ti layer. Solutions
of polymer:PCBM71 in different ratios were prepared using ortho-dichlorobenzene (o-
DCB)solvent. (o-DCB) was chosen over chlorobenzene as a solvent because PCBM71
has higher solubility in it. The solutions were stirred for 4-6 hours at 800C. The poly-
mer:PCBM71 blend solution was spin coated on glass/Al/TiOx. Then, the samples
were taken out of the glove box. Before spin coating the PEDOT:PSS about 2/3 of
the Al/TiOx rods were covered with Poly(methyl methacrylate)(PMMA) to protect the
bottom electrode contact.
A highly conductive PEDOT:PSS PH 1000wasmixedwith dimethyl sulfoxide (DMSO)
and zonyl surfactant in 20:1:0.05 v/v ratio respectively. The mixture is then spin coated
outside the glove box at 1000 rpm on top of the glass/Al/TiOx and dried at 600C for 5
minutes before it is moved back to the glove box. The thickness of the PEDOT:PSS layer
was around 80 nm. The glass/Al/TiOx/Active layer/PEDOT:PSS stack was dried at
600C for another 20 mins inside the glove box. The active layer was encapsulated with
a glass slide and glue. The glue was cured with solar simulator for 10-15 minutes. Fi-
nally, a silver paste was painted on the PEDOT:PSS side before taking the samples out
of the glove box for characterization. The area of the solar cells was measured carefully
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with optical microscope and was ≈ 4 mm2.
The thin ﬁlm samples for transient absorption spectroscopymeasurement were pre-
pared on glass substrates. The sample were spin coated on glass substrate either from
the pristine polymer or the blend of polymer and PCBM71 solution in o-DCB solvent.
The substrates were cleaned using the procedure mentioned above. The optical density
of the ﬁlms was kept below 0.4. The solution samples were polymer solution dissolved
in o-DCB. The concentration of the solutions was in the range where there is no aggre-
gation effect. The optical density of the solutions was about 0.4/cm.
Figure 4.1: ITO-free solar cell architecture: Al/TiOx rods are thermally deposited on about 2/3 of the
length of a clean glass substrate then the active layer composed of polymer:PCBM71 blend is spin coated
on about 1/3 of the length of the Al/TiOx rods. The top electrode, highly conductive PEDOT:PSS PH
1000, is spin coated on top of the active layer and the clean glass. The Al/TiOx/Active layer/PEDOT:PSS
stack will be encapsulated with a glass slide. Finally, a silver paste is painted on the uncovered side of
PEDOT:PSS for contact.
4.2 Experimental set-ups and characterization
techniques
In the following section, characterization techniques used in this work are discussed.
A detailed discussion will be spent on the fs-transient absorption set up.
4.2.1 Absorption and ﬂuorescence
Absorption of all polymers were taken in solution, pristine ﬁlms and polymer:PCBM71
blend ﬁlms using Thermo Scientiﬁc Uv-Vis spectrometer. Fluorescence spectrum was
recorded using Perkin Elmer LS45. The samples were excited at wavelengths corre-
sponding to absorption maxima of each polymers in solution. The solution should be
dilute enough to allow the emission through. Thus, the solution used for ﬂuorescence
measurement has an absorbance of ≈ 0.05. The excitation light source and the detector
are perpendicular to each other. The incoming light will not directly go to the detector
and damage it. The scattered excitation light might reach the detector.
4.2.2 Current-voltage characteristics
A solar simulator model ss-50A from Photo-Emission Tech was used as an illumination
source for current-voltage characterization. The illumination was set at one sun (AM
1.5) which corresponds to an intensity of 100 mW/cm2. Current - voltage evaluation
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was taken using Keithley 2400 Source meter. The samples are kept in a dark box for
dark I-V characterization.
4.2.3 Fluorescence microscopy
Florescencemapping of polymers and polymer:PCBM71 BHJ ﬁlmswere performed us-
ing Carl Zeiss LSM 780 confocal microscope in central analytical facility(CAF) of Stel-
lenbosch University. The exciting laser beam was set at wavelength of 561 nm which
is close to absorption maxima of the polymers. A microscope objective of numerical
aperture ≈ 1.4 was used both to excite and collect the ﬂuorescence. The laser beam
at the output was ﬁltered using a dichroic mirror. Finally, the signal was captured by
an avalanche photo diode (APD) and ﬂuorescence images were generated. The ﬂuo-
rescence of a polymer and the polymer:PCBM71 BHJ blend ﬁlms were taken to get a
quantitative idea of exciton quenching in the OSCs. The ﬂuorescence of the pristine
polymer is quenched by adding PCBM71 as the electron from the polymer HOMO
transfers to the LUMO of PCBM71. Thus, the ﬂuorescence or photoluminescence (PL)
quenching efﬁciency (ΔPL) is given by:
ΔPL = 1− PLBlend
PLPristine
. (4.1)
PLBlend and PLPristine are the average ﬂuorescence intensity over the area that is
measured.
4.2.4 Morphology
Scanning Electron Microscopy (SEM)
A sample hit by beam of electrons emits primary backscattered electrons, secondary
and Auger electrons. An electron recorder in SEM picks up the rebounding primary
backscattered electrons and secondary electron and record their imprint. These elec-
trons carry information about the sample morphology and chemical composition of
materials making up the sample. The information is then translated as a clear im-
age on a screen. The samples for SEM imaging were prepared from solutions of poly-
mer:PCBM71 of the same concentration and spin coating speed as the solar cells. The
samples on glass substrate were sputtered with thin gold layer on top for conducting
the electrons in the imaging process. The SEM images were taken in CAF-Stellenbosch
University. The unit is equipped with a ZEISS EVO MA15VP SEM. A 5 kV electron
gun was used. Polymers and fullerenes are both made of carbon: this complicates the
assignment of the domains in an SEM image of polymer:fullerene BHJ ﬁlm to the pure
materials. The sample morphology that is recorded with SEM shows the size of the do-
main sizes. The size of the domains should be comparable to exciton diffusion length
(5 - 20 nm) for efﬁcient photogeneration.
Scanning Transmission Electron Microscopy (STEM)
In the case where getting clear SEM images was a challenge, STEM imaging was used
for its better resolution. STEM is a transmission electron microscope (TEM). They both
use electron beamwith short wavelength and they both form images from the informa-
tion contained in the transmitted electrons. Unlike TEM, STEM uses focused electrons
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to a ﬁne spot and the reading is taken in a raster. TEM has been used to study mor-
phology of active layer since 1996 by Yang and Heeger[55] report on MEH-PPV:C60
BHJ active layer. They were able to see a phase segregation between MEH-PPV and
C60 by selectively dissolving C60. The dark part of TEM images is usually assigned
to PCBM because of its larger proton density. Polymers usually have smaller proton
density thus the TEM images of the polymer phase appears lighter. The samples for
STEM/TEM should be thin enough to let the electrons through. STEM/TEM samples
of the traditional geometry (ITO/PEDOT:PSS/Active layer/Top electrode) OSCs can
be prepared by soaking the cells in water to dissolve the PEDOT:PSS layer. The aﬂoat
layers will be moved onto copper grids. In the ITO-free solar cells (the geometry men-
tioned above) detaching the active layer by soaking the samples in water was not pos-
sible. Therefore, the solutions were drop cast on a copper grid supported by a polymer
ﬁlm. The STEM images in this work were taken in CAF-Stellenbosch University.
4.2.5 fs-Transient absorption spectroscopy
The macroscopic solar cell parameters in the devices prepared in this work vary with a
small change in the structure of the materials. The explanation for these differences can
be found in understanding the underlying fundamental photophysical process both in
the polymer and the polymer:PCBM71 BHJ ﬁlms. These photophysical processes in-
clude absorption of photons, exciton generation and diffusion to donor/acceptor in-
terface, dissociation of excitons and ﬁnally free charge geration and collection by the
external circuit. These processes occur on a time scale that spans fs to ms. Therefore
a technique that can follow the dynamics in such time scales was important. Tran-
sient absorption (TA) spectroscopy can directly follow the population/depopulation
of states in the materials in a real time < 1μs. In our setup, we can follow photo-
physical process that occur upto < 2 ns. This allows us to see photogeneration and
recombination of charge carriers in OSCs within a temporal duration of 150 fs to 2 ns.
Conclusions that lead to the improvement/understanding of the fundamental photo-
physics in OSCs can be deduced from the measurements.
Watching fast events
Fast processes require a measuring tool at least as fast as the dynamics. Fast events
like a sport events can be recorded using fast photography with short exposure time
of ≈ 0.01 s. Even faster process in the range of picoseconds (ps) or less need the fastest
tool available in nature which is light. Time resolution in light can be attained with
ultrashort laser pulses. Ultra-short pulses with a temporal duration in the range femto-
second (fs) enable watching fast processes that occur in biological, chemical and phys-
ical systems. A fs-laser source thus provides just the measuring tool for dynamics that
occur in conjugated polymers and OSCs.
Fs-TA spectroscopy is one of the techniques that enable us to study photo-induced
dynamics in organic materials and OSCs. Transient techniques follow the evolution of
a process in a real time. Different techniques such as time of ﬂight (ToF) and charge
extraction by linearly increasing voltage (CELIV) are widely used to study photoin-
duced dynamics in OSCs. Fs-TA spectroscopy has a better time resolution to follow
dynamics in a fs time regime. In fs-TA spectroscopy, a fs-pump pulse is sent to pho-
toexcite an ensemble of molecules. A second pulse also in fs regime interrogates the
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population/depopulation of the states in the excited molecules as in a steady state ab-
sorption spectroscopy. The temporal resolution of such a measurement is determined
by the convolution of the pump and probe pulses. Since both the pump and the probe
have a duration in the fs regime, the TA spectrum will also have a similar resolution.
However, such short time scale need a very fast detector that can record data with
petahertz repetition rate (1 fs period corresponds to 1 PHz repetition rate). Electronic
devises are simply unable to provide access to such ultrafast data recording rate. The
available slow detectors can be used in the TA measurement by using a pump-probe
set up.
A pump-probe technique can explained by the following example. Suppose you
want to make a video of a ﬂying owl in a circus but you only have a conventional
camera that has a shutter speed fast enough to take a clear picture of one instance along
the course of its ﬂight. The owl is told ”go”, then it starts doing its moves. The word
”go” triggers the dynamic. A series of photographs should be taken along the course
to make the video. Since the camera needs some time to reset itself for the next picture,
it will not be possible to take as many still pictures that clearly show the dynamics
of the circus. This problem can be overcome in a stroboscope photography. In such
photography the owl is made to do its circus in a dark room. A stroboscope ﬂashes
light with a frequency of sub the frequency at which the owl ﬂatters its wing. The
photographer leaves the shutter open and takes pictures every time the stroboscope
ﬂashes light. An analogy can already be made between the pump-probe technique and
the stroboscope photography. The word ”go” is the pump that triggers the dynamic
and the ﬂash light is the probe. The ﬁlm in the camera is the detector.
One can also take the picture of the owl in the course of the circus by repeating the
routine multiple times and take one picture each time at different times of the ﬂight.
This can be done provided the owl do identical moves in all the routines. This is im-
practical.
In a similar way, the dynamics in a photoabsorbing molecule can be triggered by a
pump pulse of wavelength corresponding to its transitions. The pump pulse should be
able to deposit energy on the molecules to start a photoinduced dynamics. Its temporal
resolution should be sufﬁciently smaller than the dynamics. The excited molecule then
relaxes back to the ground state from its excited state by various mechanisms. A probe
pulse is sent some time latter to interrogate the excited sample and absorption spectra
of the non-equilibrium state is taken. This absorption will then be compared to the
ground state spectrum at equilibrium to evaluate the changes that are caused by the
pump pulse. The time the excited molecule is probed after excitation is determined by
the optical path length difference between the pump and the probe. This optical path
difference can be translated into a delay time by dividing it to the speed of light. A data
point is recorded by the detector at a ﬁxed time after excitation. Even if it is not ideal to
expect the owl to do identical moves every time it is told ”go”, the ensemble molecular
dynamics are identical for each pump. Thus, the next data is recorded at a different
time by changing the path length difference between the pump and the probe pulses.
This is repeated as many times to acquire enough absorption signals that can show the
dynamics of the excited molecule clearly. Each data point can be averaged at a ﬁxed
position for many iterations to improve sensitivity of the measurement. The number of
iterations should be within the sampling time of the detector and the laser repetition
rate. Finally, it will be possible to record a change in absorption signal of an excited
molecule over time. The evolution of a given dynamics can be extracted by following
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a speciﬁc signal in time. The temporal proﬁle of the signature will then be ﬁtted with
appropriate function to understand the underlying physics behind the dynamics.
Transient absorption spectroscopy set up
A sketch of our transient absorption set up is given in Figure 4.2. A fs-laser source
is used to generate both the pump and the probe pulses. The laser is directed to a
beam splitter. The position of the beam splitter is used as a reference to the optical path
lengths of the pump and the probe pulses. One of the beams enters the non-colinearily
phasematched parametric ampliﬁer (NOPA) for near Fourier transformed pump pulse
generation while the second beam is sent to a broad band visible white light genera-
tion set up. The optical path length difference between the pump and the probe is
controlled by a mechanical delay stage. A chopper is incorporated in the set up to ac-
quire a reference absorption signal of the sample in the ground state by blocking every
second pump pulse. The pump and the probe pulses are overlapped both spatially and
temporally at the sample. The probe pulse heads to the detector while the pump pulse
is sent to a beam damp.
The laser source in our set up is a Clark-MXR CPA (chirped pulse ampliﬁer) 2101
ampliﬁed femtosecond Titanium:sapphire laser system. It generates a fundamental
pulse with a central wavelength of 775 nm, repetition rate of 1 kHz and an output
energy ≈ 0.8 mJ. The temporal duration of the fundamental pulse is 150 fs.
35
Stellenbosch University  https://scholar.sun.ac.za
Figure 4.2: Transient absorption set up: the 775 nm fundamental light is split into two using a beam
splitter (BS). One of the beams enters the NOPA for pump light generation and the other is directed to a
white light generation stage for probe generation. The pump light is compressed using two prism com-
pressor to sub 50 fs. A mechanical delay stage is incorporated to achieve a time resolved measurement.
The chopper blocks every second pump pulse. The pump and the probe are overlapped at the sample
both spatially and temporally. The transmitted probe light is detected by the spectrometer.
4.2.6 Pump pulse generation: Non-colinearily phase matched
optical parametric ampliﬁcation (NOPA)
Different samples require different pump light to excite the molecule. It is impractical
to build a new laser source for each sample. When a high intensity pump pulse with
frequency ωp and a week seed pulse with ω2 are directed to a non-linear medium, a
signal with frequency ωs and an idler with frequency ωi = ω1 -ω2 are generated. This
process is called optical parametric ampliﬁcation. To satisfy energy and momentum
conservation, ωp = ωi + ωs and the propagation vector, kp = ki +ks. A non-colinearily
phase matched optical parametric ampliﬁer (NOPA) is used to generate the colors nec-
essary to excite the samples measured in this study (see Figure 4.2). In our set up, the
fundamental light centred around 775 nm is split into two pulses using a beam splitter,
one of the beams (30% of the fundamental) goes to the NOPA for pump generation
and the other (10% of the fundamental) beam is directed to a white light generation
set up. The 30% fundamental light that entered the NOPA is further divided into two
beams again using an appropriate beam splitter. One of the beams, which is 90% of
the fundamental that enters the NOPA, is directed to a β-barium borate (BBO) crystal
for second harmonic generation and a frequency doubled beam centred around 387.5
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nm is generated. The rest 10% of the fundamental signal in the NOPA is focused onto
a sapphire crystal to generate a white light super-continuum (WLC) seed beam. The
frequency doubled 387.5 nm pump is seeded by the chirped WLC. The pump pulse
propagates horizontally onto a vertically aligned 2 mm thick BBO crystal which is cut
at angle with respect to the optical axis for maximum ampliﬁcation. The orientation
of the BBO-crystal with respect to the pump pulse is set in such an angle to keep the
phase matching condition for optical parametric ampliﬁcation. The pump is seeded
with a WLC in non-collinear geometry. This non-collinear geometry allows efﬁcient
phase matching between the chirped WLC components and the pump for the entire
length of the BBO-crystal. Hence, different components of the white light can selec-
tively be ampliﬁed by the 387.5 nm pump to generate a visible light from λ = 450 nm
- 730 nm (see Figure 4.3). The k- vector projection the WLC seed along the pump k-
vector should be equal for the pulses to remain in phase along the BBO crystal. In such
a way, maximum parametric ampliﬁcation of each component of the white light by the
pump can be achieved.
Figure 4.3: Range of pump pulse spectra that can be generated with our NOPA
The ampliﬁed visible signal should be in the same direction as the seed and the re-
maining energy from the pump is damped to an idler signal to satisfy the conditions of
conservation of momentum and energy. The idler signal is thus in the infra red region.
An ampliﬁed signal of energy of upto 10 μJ is obtained in the single stage ampliﬁca-
tion. The ampliﬁed signal is used as a pump pulse in a pump-probe spectroscopy. This
pump pulse is compressed to its Fourier limit by using a two prism compressor for
better temporal resolution. The duration of this compressed beam is measured with
an autocorrelator. An example of an autocorrelation signal for 515 nm probe pulse is
shown in Figure 4.4. A Gaussian ﬁt of the autocorrelation signal has a full width half
maximum (FWHM) of 46 fs which corresponds to 33 fs pulse duration.
4.2.7 Probe Pulse generation
A 10% of the fundamental is directed to white light generation set up. Non-linear phe-
nomena broadens the femto-second pulse propagating through a medium from its
Fourier transform limited pulse in spectrum and a WLC is generated. The WLC in
our set up is generated using one of the three crystals: a 3 mm thick sapphire (400 nm
- 700 nm) , a 5 mm thick CaF2 (340 nm - 700 nm) and 3 mm thick yttrium aluminium
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Figure 4.4: Autocorrelation signal of a compressed 515 nm pump pulse. The FWHM of the Gaussian ﬁt
is 46 fs which corresponds to a pump temporal duration of 33 fs
garnet (YAG) (850 nm to ≈ 1300 nm). The WLC spectrum in our set up has a total
spectral bandwidth from about 350 nm - 1300 nm. An appropriate ﬁlter is used on the
probe line to block the fundamental. The WLC spectrum generated using the above
three crystals together with appropriate ﬁlters is shown in Figure 4.4.
A normal group velocity dispersion (GVD) of thewhite light as it propagates through
the aforementioned crystals creates a positive chirp. Due to this chirp, the temporal
duration of the WLC from teh blue light to the red is about 1 ps. Since the temporal
duration of each colors in the WLC is determined by the fundamental pulses, the tem-
poral duration of each color is 150 fs. To compensate for the chirp in the WLC, the time
zero of each wavelength at the sample is shifted manually. The temporal resolution of
the pump-probe set up is determined by the convolution of the pump pulse and the
spectral components of the WLC probe pulse at time zero on the sample. The temporal
resolution of our set up is below 200 fs.
4.2.8 Time resolved absorption spectra
The power of the pump-probe experiment relies on its ability to follow evolution of
a photoinduced process in time. This temporal evolution is achieved by delaying the
probe light from the pump at the sample. The pump light is sent to a retro-reﬂector
mounted on a computer controlled motorized mechanical delay stage (Newport). The
delay stage has a length of 30 cm which correspond to 2 ns, as the pump light travels
back and forth. The movement of the delay stage is as accurate as 1 μm which corre-
sponds to ≈ 3 fs. Since temporal resolution of our pump-probe set up is below 200 fs,
few fs error from the movement of the delay stage does not limit the temporal resolu-
tion of the measurements.
The pump and the probe pulses are temporally and spatially overlapped at the sam-
ple. The pump pulse initiates the photo-induced process in the molecule. A delayed
probe pulse is sent to interrogate the changes caused by the pump on themolecule. The
probe pulse should be narrower in width to make sure an excited samples is probed.
The transmitted probe light through the sample is sent to two grating spectrometers
sensitive either to the visible or near-infra red region of the spectrum. The transmitted
pump light will be directed to a beam dump. Some scattered light might reach the grat-
ing spectrometer, if the sample is scattering. Data is collected with a line scan charge
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Figure 4.5: Spectrum of WLC generated using three different crystals: A total probe spectral bandwidth
from below 350 nm to 1300 nm can be generated by selectively changing the crystals in the white light
generation set up. An appropriate ﬁlter is used to block the fundamental from reaching the detector
coupled device (CCD) camera in the visible or near infra red region. A combined spec-
tral region of below 350 nm and 2500 nm can be recorded. The readout rates of the
cameras is 1 KHz (Entwicklungsbu¨ro Stresing Gmbh). This read out rate is equivalent
to the frequency of the pulse train produced by the CPA. Thus, every shot is recorded
individually.
In a steady state absorption spectroscopy, a reference spectrum (of the solvent and
the cuvette if solution, of the substrate if a thin ﬁlm) is taken to measure the abso-
lute absorption of the molecule. Similarly, a simple referencing technique is used in
transient absorption spectroscopy by blocking the pump light every other time and
measure the ground state absorption which is the reference spectrum. A mechanical
chopper operating at 500 kHz, half the frequency of the CPA output, is incorporated
in the pump line to block every second pulse to measure the reference spectrum. The
intensity of light that reaches the cameras is periodically transmitted light intensity of
the excited sample (Iexc) and the unexcited sample (Iunexc). The change in absorption
(optical density), ΔOD, of the molecule due to the pump can be given as follows:
ΔOD(λ) = OD(λ)exc −OD(λ)unexc
= − log Iexc
I0
+ log
Iunexc
I0
= − log Iexc
Iunexc
.
(4.2)
The incident probe pulse intensity, I0, does not inﬂuence the change that is induced
by the pump pulse. The ΔOD(λ) of eachwavelengthwill bemeasured along the length
of the delay stage. The resulting transient absorption spectrum will be the change in
optical density measured for each wavelength as a function of time, ΔOD(λ, t). Each
measurement is averaged over 6000 laser shots to reach a sensitivity below 10−3.
The samples should relax back to ground state before the second pump arrives
to avoid heating and some optical non-linear processes like two photon absorption. A
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solution sample is pumped through a ﬂow cell to provide a new sample for each pump
pulse. A thin ﬁlm is mounted on a rotating sample holder. But if the sample relaxes
back within the period of the pump pulse which 1 ms, this might not be necessary.
Data analysis of transient absorption spectrum
Let us use a simple energy level diagram of a hypothetical molecule as an example to
understand contributions to transient absorption spectrum (see Figure 4.5a).
The pump pulse excites some of the hypothetical molecules from their ground state
to the excited state (solid blue arrow in Figure 4.5a). The concentration of the absorbing
molecules in the ground state will thus be reduced. The probe pulse that comes after
the pump sees less absorbing molecules at the ground state absorption wavelength.
Consequently, the change in absorption at this wavelength will be negative. The spec-
tral shape and position of this contribution is identical to the steady state absorption
spectra. This contribution to the transient absorption spectrum is called ground state
bleaching (GSB).
The other contribution to the TA spectra is ﬂuorescence by stimulation emission.
The probe pulse stimulates emission(SE) of photons by relaxing the excited molecules
back to the ground state (broken blue arrow in Figure 4.5a). When the chopper is open
the pump light passes through, assuming no absorption and when the chopper un-
blocks the pump light, the photon that reaches the detector will be the sum of the
photons that impinge on the sample and the stimulated emission. Consequently, SE
will have a negative change in absorption because Iexc > Iunexc. SE has an identical
spectral shape like the steady state ﬂuorescence.
Many molecules have S1 → Sn, n > 1 allowed transitions. An excited molecule by
the pump can be promoted to one of these higher states by absorbing photons (broken
red arrow in Figure 4.5a). The absorption of the excited states (ESA) when compared
to the ground state absorption is positive.
In a more complex molecule, the ﬁrst excited state might evolve into a newly gener-
ated state called intermediate state. The change in absorption of this intermediate state
is also positive. The signal evolution can be seen if the generation time is above the
temporal resolution of the transient absorption set up.
A raw transient absorption signal (shown in Figure 4.6b) is given as wavelength
in the ordinate, delay time between the pump and the probe in the abscissa and ΔOD
as a color-map. Blue part of the spectrum shows negative ΔOD which means either
GSB or SE. A red part shows an ESA. A vertical line is taken out to closely analyse the
ΔOD spectrum proﬁle at a speciﬁc time of interest. The proﬁle can provide a clue or
sometimes full information about the type of spectral signatures either using comple-
mentary measurements like steady state absorption and ﬂuorescence or by itself (see
Figure 4.6c). An additional information about the spectral signatures can be found by
taking a horizontal line out from the raw TA spectrum to see the evolution of a spe-
ciﬁc spectral signature in time. The ΔOD Vs time curves will be ﬁtted with appropriate
functions to get time constants for speciﬁc dynamics in the material (see Figure 4.6d).
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Figure 4.6: (a) Contributions to transient absorption signal: A pump light excites themolecule to a higher
excited state. The probe light will see a lower absorption due to the bleaching of the ground state (GSB).
The probe light also stimulates emission (SE). The molecule can also be excited to higher states, ESA.
(b) Raw transient absorption spectrum [56], ΔOD is given as a color map. Blue shows a negative ΔOD
which corresponds to either GSB or SE, the red color represents a positive ΔOD which is absorption of
product or intermediate states c) a vertical line out of the raw transietn absorption spectra in (b) gives
the spectrum at a speciﬁc time d) a horizontal line out is taken at a ﬁxed wavelength to analyze the
temporal evolution of a signal of interest.
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5. Photophysics of bithiophen-isoindigo
(P2TI) copolymer and its performance
in ITO-free solar cells
5.1 Introduction
Organic solar cells (OSCs) have exceeded the commercial goal of 10% both in single
[8, 9] and multi-junction solar cells[27]. This is mainly through improvements in ma-
terial synthesis and device architecture. The active layers of highly performing OSCs
were composed of bulk heterojunction (BHJ) composites of low band gap polymeric
materials and fullerene derivatives. The broad absorption of such low band gap poly-
meric materials contributed to the higher short circuit current which resulted in a
higher efﬁciency. One of the challenges in OSCs is that photoexcitation creates a tightly
bound electron-hole pairs. A highly electron deﬁcient material usually fullerene is
added in the BHJ active layer to dissociate the exciton from the polymer. The exciton
can thus be quenched by transferring its electron to the LUMO of the acceptor ma-
terial. Energy is lost to dissociate these exciton. Consequently, OSCs suffer from low
open circuit voltage. Copolymers have a dipolar character which enables an internal
partial/full charge dissociation. This lowers the exciton binding energy.
In this work, both steady state spectroscopy and fs-transient absorption (TA) spec-
troscopy were used to study photophysics of a bithiophen-isoindigo (P2TI) copolymer
in solution, pristine ﬁlm and P2TI:PCBM71 BHJ ﬁlm. We started fs-TA spectroscopy
measurement with photoinduced charge transfer in a copolymer chain followed by a
solid pristine ﬁlmwhere there is a signiﬁcant inter-chain interaction. The result showed
a fast generation of an intramolecular charge transfer state (ICT) in the copolymer
chains. In a fs-TA spectroscopy measurement on P2TI:[6,6]-Phenyl-C71-Butyric-Acid-
Methyl Ester (PCBM71) BHJ ﬁlm, long living charge carriers were found. The applica-
tion of the copolymer for solar cell was studied using an ITO-free solar cell geometry:
Al/TiOx/P2TI:PCBM71/PEDOT:PSS.
5.2 Result and discussion
5.2.1 Steady state spectroscopy
The steady state absorption spectroscopy of P2TI is studied both in solution and thin
ﬁlm. The Uv-Vis absorption spectrum in chloroform (CF) solution (red), the pristine
ﬁlm (black) and P2TI:PCBM71 BHJ ﬁlm (green) is shown in Figure 5.1. The absorp-
tion spectrum of P2TI in CF solution shows two distinct absorption bands: one which
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Figure 5.1: Steady state absorption spectra of P2TI in CF solution (red), pristine ﬁlm (black) and
P2TI:PCBM71 (1:2) BHJ ﬁlm (green). The absorption spectra of P2TI both in chloroform solution and
pristine ﬁlm have the ”camel” back structure which is a signature of copolymers. The absorption of the
BHJ ﬁlm is the superposition of the absorptions of the pristine P2TI and pristine PCBM71 ﬁlms(dashed
gray line)
peaks at 638 nm and a shoulder below 500 nm. This two absorption bands sturcture
also called ”camel” back structure[34], is common in D-A copolymers. The absorption
coefﬁcient of P2TI in CF solution at the 638 nm is 96 L/g cm. This high absorption
coefﬁcient is essential for high photo-current generation. The absorption spectrum of
pristine P2TI ﬁlm is slightly red shifted compared to the solution spectrum. This shift is
due to π − π stacking in the solid ﬁlms which is important for charge mobility. Similar
to the solution spectra, the pristine P2TI ﬁlm also has two distinct absorption bands.
The lower wavelength region absorption band is more noticeable in the pristine ﬁlm.
The absorption band between 600 nm and 700 nm is due to the S1 ← S0 transi-
tion. This band has peaks at 630 nm and 685 nm which are vibrational states in the
manifold of S1. Considering the characteristics of D-A copolymers discussed in section
2.2.2, the low band gap of copolymers usually is due to intramolecular charge transfer
(ICT) between the donor and acceptor units (bithiophene and isoindigo units in this
case). Therefore, the ﬁrst absorption band is presumably assigned to a transition that
leads to ICT state. The position of the low wavelength absorption band peak is similar
to the maximum of absorption spectrum of a polythiophene [57]. Jespersen et.al [34]
also observed the low wavelength maxima of a polyﬂuorene based D-A copolymer is
similar to the absorption maxima of a donor polymer. Form this observation it can be
concluded that the low wavelength peak below 500 nm is due to π − π∗ transition
which is common in conjugated polymers due to the alternating single and doubles
bond along the backbone. This transition is thus to higher states than the ﬁrst singlet
excited state.
The absorption of P2TI:PCBM71 BHJ ﬁlm is a simple superposition of the absorp-
tion of the pristine P2TI and pristine PCBM71 (shown in gray in Figure 5.1) ﬁlms.
The solar harvest of the P2TI:PCBM71 BHJ ﬁlm has a contribution from PCBM71 as
it compensates the low absorption of P2TI below 500 nm . This is one of the reasons
PCBM71 was chosen over [6,6]-Phenyl C61 butyric acid methyl ester (PCBM61). Be-
43
Stellenbosch University  https://scholar.sun.ac.za
sides its higher absorption in the visible region of the solar spectrum, PCBM71 has
also a slightly lower LUMO level which gives a higher driving force for exciton disso-
ciation in the blend. To further understand the properties of the excited states in P2TI,
Figure 5.2: Steady state PL spectra of P2TI in CB (red) and CF (black) solution (red). A red shift in PL is
seen with increasing solvent polarity which indicates relaxation from ICT state
photoluminescence (PL) spectrum of P2TI in CF (polarity index = 4.1) solution was
recorded at excitation of 630 nm. The PL spectrum was stokes shifted by 114 nm. This
large stokes shift shows a signiﬁcant structural change of the polymer upon excitation.
A copolymer can be found in two mesomeric structures: D - A and D+ = A−. Therefore
the ground state of P2TI has D-A structure but the excited state evolves to its me-
someric structure: D+ = A− which has higher dipole moment. The higher dipole mo-
ment in D+ = A− structure shifts the PL spectrum signiﬁcantly. Thus, the high stokes
shift also conﬁrms the ICT character of the excited state in P2TI in solution. To further
conﬁrm this assumption, the absorption and the PL spectra of P2TI in two solvents of
different polarity (CF and chlorobenzene(CB)(polarity index = 2.7)) was compared, see
Figure 5.2. The absorption spectra of P2TI in both solvents were almost identical but
the PL spectrum was red shifted as the polarity of the solvent increased. This shows
the excited state is dipolar. Consequently, the increase in solvent polarity enables access
of lower states, in this case the ICT state. The result is consistent with the assignment
of the ﬁrst absorption band with an ICT character. The optical properties of P2TI in
solution and ﬁlm is summarized in Table 5.1.
Table 5.1: Optical properties of P2TI.
copolymer Abs. Max Film Abs. Max Soln. Abs Shift from Soln to Film EOptg (eV)
λmax1 λmax2 λmax1 λmax2 Δλmax1 Δλmax2
P2TI 417 629 / 685 – 638 – -9 / 47 1.56
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5.2.2 Photovoltaic performance and morphology
Photovoltaic performance
ITO-free solar cells were fabricated using P2TI as a donor polymer and PCBM71 as an
acceptor. Keep in mind that the polymer P2TI has an intermolecular D - A coupling
but in solar cells it is blended with another acceptor material usually C60 derivatives
to serve as an active layer. The internal D - A coupling within the polymer plays impor-
tant role in reducing the exciton binding energy due to its ICT character. The energy
levels of the polymer and the fullerene determine the charge ﬂow within the solar
cell. Therefore, electro-chemistry of P2TI was studied using square wave voltamme-
try and the HOMO -LUMO levels of -5.4 ev and -3.7 ev respectively were found [20].
The LUMO level offset of P2TI from PCBM71 (LUMO = 4.0 eV) is 0.3 eV, which is in
the range of the empirically suggested value of (0.3 - 0.4 eV) [58]. Back to the solar
cells, the ITO-free P2TI:PCBM71 BHJ solar cells were prepared in three ratios of P2TI
to PCBM71 in a geometry of Al/TiOx/ Active Layer / PEDOT:PSS. A total of 8 devices
were prepared for each stoichiometry and the best performing cell is presented.
The current density - voltage characteristics of P2TI:PCBM71 based BHJ ITO-free
solar cells under simulated AM 1.5 illumination is shown in Figure 5.3a and the pho-
tovoltaic performance of each ratios is summarized in Table 5.2. The performance of
the solar cells is lower than expected. The main reason for this low performance of the
cells is the short circuit current density (JSC) in the three devices. A high current density
was expected due to its low band gap, broad absorption and high extinction coefﬁcient
measured in solution. The expected current density based on its band gap is about 10
mA/cm2 (see section 1.3).
Comparing among the three devices, JSC increases with increasing PCBM71 ratio.
This is due to the higher absorbance of the active layer in the visible region below 500
nm with increasing PCBM71. The open circuit voltage, VOC, shows almost no change.
The open circuit voltage of an OSC is mainly determined by the HOMO level of the
donor polymer and the LUMO of the acceptor. Besides this, the work function of elec-
trodes and LUMO offset between the polymer and the fullerene also affect the VOC of
an OSC. A report by Tang et. al. [59] showed ITO- free solar cells of the aforementioned
geometry have lower VOC than the traditional geometry: ITO/PEDOT:PSS/Active layer/
Al. An empirical value for a maximum attainable VOC of an OSC was formulated to be
: eVOC = Eg - 0.6 V [60]. The open circuit voltages of P2TI:PCBM71 based BHJ ITO-free
solar cells were only 0.2 V below the maximum value. This value is high for ITO free
solar cells which inherently have lower VOC.
The ﬁll factor (FF) shows a larger difference with increasing PCBM71 loading than
JSC and VOC. FF of the solar cells decreased with increasing PCBM71 loading. FF is
measure of recombination within a solar cell. This recombination can be due to some
holes in the preparation. Thus, the shunt resistances in the cells can give a measure of
the leakage current. A dark current density -voltage characteristics was measured to
analyse the difference in FF. As shown in Figure 5.3b, the dark current increased with
increasing PCBM71 loading. Therefore, the shunt resistance decreases with increasing
PCBM71 loading which accounts for a decrease in FF.
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Figure 5.3: Current density-voltage curves of ITO-free P2TI:PCBM71 based BHJ solar cells in different
ratios of P2TI to PCBM71 (a) under simulated AM 1.5 sun illumination (b) in dark. The best performance
was found in 1:2 ratio of P2TI:PCBM71. The FF is improved with decreasing PBCM71 loading due to
the decreasing in leakage current (b)
Table 5.2: Summary of Photovoltaic properties of Al/TiOx/P2TI:PCBM71/PEDOT:PSS OSCs
P2TI:PCBM71 ratio Jsc (mA/cm2) VOC (V) FF Eff (%)
1:1 1.9 0.80 58.4 0.87
1:2 2.4 0.81 52.3 1.02
1:3 2.5 0.80 46.8 0.94
Morphology
From the broad absorption spectra pristine of P2TI ﬁlm and high extinction coefﬁcient
of P2TI in solution, a high short circuit current density was expected. But the short
circuit current density of the cells studied was only about 24% of the expected value.
In addition to the solar spectral coverage of the pristine P2TI and its extinction co-
efﬁcient, the efﬁciency of the exciton dissociation and the percolation of the charges
to the electrodes determine the photogeneration in the cell. To interrogate the active
layer morphology in the quest for answer to the low Jsc, a morphology study of the
active layer of the best performing cell was done using scanning electron microscope
(SEM). The sample for SEM measurement was prepared on a thin microscope cover
slide. The thickness of the active layer was kept similar to the solar cells by using the
same spin coating speed and concentration of the P2TI:PCBM71 in o-DCB solution.
The SEM image of P2TI:PCBM71 (1:2) on a cover slide has domain sizes exceeding 100
nm as shown in Figure 5.4. These domains can be copolymer only or the blend of the
copolymer and PCBM71.
Let us see each of the two cases separately in relation to charge photogeneration.
Suppose the domains are only polymers. Then, the excitons created in this volume
neglecting the ones at the surface can not dissociate because the domain size is almost
10 times the typical exciton diffusion length (5 - 20 nm). If the domain consists of the
blend of the two, exciton dissociation will be efﬁcient within the domains, but since the
polymer/fullerene separated phase is interrupted the free charges do not have efﬁcient
percolation path that leads to the electrode. Hence, the large domains in the active layer
have an adverse effect in the current generation. Themain reason for poor performance
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of P2TI:PCBM71 based BHJ ITO-free solar cells is the loss of percolation path for free
charge carriers to the electrodes.
Figure 5.4: SEM images of P2TI:PCBM71(1:2) BHJ ﬁlm. The domain sizes exceed 100 nm. The large size
of domain size is the reason for poor Jsc in the device
5.2.3 fs-Transient absorption spectroscopy of P2TI in solution
The charge dynamics of an organic solar cell starts with the dynamics within the poly-
mer. The polymer interaction can be intrachain or interchain with the adjacent polymer
chains. To understand the full solar cell dynamics, we start from the dynamics within
a stand alone polymer chain. fs-Transient absorption(TA) measurement was taken on
a dilute solution of P2TI in CB that has an OD = 4/cm at the maximum absorption.
Steady state absorption measurement was taken by varying the concentration of the
solutions to see any aggregation effect. The steady state absorption spectra have iden-
tical proﬁles, therefore dynamics related to interchain interaction can be excluded in
the analysis of the TA measurements. A pump pulse of 630 nm generated using our
NOPA was used to excite the copolymer. The pump beam was compressed using a two
prism compressor to sub 50 fs temporal duration. The solution was pumped through
a 100 μm thin quartz cuvette to provide a new sample for each laser shot.
The TA spectrum of P2TI in CB solution shown in Figure 5.5 has three spectral
features: A broad negative ΔOD signal between 550 nm and 700 nm, two positive
ΔOD signals above 700 nm. The ΔOD spectra are taken out at selected delay times
between the pump and the probe (shown in Figure 5.5(bottom)) to closely look into
the above three spectral features. The negative ΔOD spectral feature has two maxima
whose position correspond to the maxima in the steady state absorption and PL spec-
tra respectively. Thus, these signals are attributed to ground state bleaching (GSB) and
stimulated emission (SE) from the excited state by the probe respectively. One thing to
note here is the GSB shows almost negligible reﬁll in the ﬁrst about 8 ps. One of the
two positive ΔOD spectral features has a peak at about 750 nm. This signal rises in the
ﬁrst 8 ps. Remember the GSB shows almost no change in this time scale which means
the state at 750 nm is not directly populated from the ground state. The state is thus
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Figure 5.5: (Top) TA spectrum of P2TI in CB solution. The blue part of the TA spectrum shows a negative
change in absorption which is due to GSB and SE. The light yellow and red regions (positive change in
Absorption) is due to ESA. (bottom) ΔOD curves taken out at selected delay times. The negative Δ OD
peaks at positions corresponding to the steady state absorption and emission of P2TI in solution. An
increasing positive signal at 750 nm shows the generation of an ICT state. The broad positive signal is
due to EX. The spectra below 700 nm and above 900 nm are divided by 6 for clarity.
an intermediate state. From the steady state PL measurement, this intermediate state
is assigned to the ICT state. The other positive ΔOD spectral feature is a broad signal
above ≈ 900 nm. This signal was generated with the temporal resolution of the set up
≈ 150 fs. The GSB signal has also the same rising time constant. The broad positive
signal is either directly populated from the ground state or is populated from the ﬁrst
excited singlet state in ≈ 150 fs. The ﬁrst excitation in organic materials is exciton. An
intersystem crossing can lead to the formation of triplets from singlet excitons. But in
conjugated polymers since the materials are made of light atoms, spin-orbit coupling is
not efﬁcient. Hence, triplets are not generated as fast (< 150 fs) and they also have a life
time longer than ns [61]. Therefore, this signal is assigned to exciton (EX) absorption
which is S1 → Sn transition.
To understand the dynamics P2TI in CB solution, the temporal evolution of the
GSB (630 nm), the ICT state absorption (750 nm) and the EX absorption (1000 nm) were
ﬁtted with a sum of exponential functions. The ﬁt results are shown on Figure 5.6(left)
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and also given in Table 5.3. The ICT state rises with a time constant of τICT1 = 2 ps. The
signal then decays with a time constant of τICT2 = 180 ps. A 27% of the signal stays
longer than 500 ps. The EX absorption rises immediately with our temporal resolution
and 10% of the signal has fast decay time constant of τEX1 = 2.1 ps. The rest of the
signal decays with time constant of τEX2 = 190 ps. A similar EX life time is reported in
many conjugated polymers [31, 43]. The GSB signal recovers with time constants of 20
ps (24%), 590 ps (63%) and 13% stays longer than 600 ps.
The rise time constant of the ICT state matches well with the ﬁrst decay time con-
stant of the EX absorption. This clearly shows the ICT state is generated from the EX.
The ICT state has three time constants corresponding to three processes. The rise
time constant is the time that it is generated from the EX. A similar fast ICT generation
timewas reported in a D - A type polyﬂourene copolymer [62]. As shown in the absorp-
tion spectra of P2TI in solution (Figure 5.1), the oscillator strength at the wavelength
assigned to the ICT state transition is signiﬁcantly stronger than the π − π∗ transition.
It is known that the ICT state transition is determined by the transition from HOMO to
the LUMO of the copolymer. The HOMO and LUMO of the copolymer is formed from
the hybridizations of the HOMOs and LUMOs of the donor and the acceptor units in
the copolymer respectively. A stronger ICT oscillator strength indicates efﬁcient charge
transfer between the units [63]. Therefore, isoindigo has a strong electron withdrawing
property when it is coupled with a bithiophene donor unit as in P2TI. This facilitates
the ICT generation rate becuase the excited state will have stronger dipole moment.
The second and third time constants are assigned to relaxation of the ICT to the ground
state. The ICT state has thus two relaxation channels. Remember there is no interchain
interaction in the dilute solution we measured. The ﬁrst time constant (180 ps) is as-
signed to the normal direct relaxation of the ICT state in the chain. The second process
takes longer (> 500 ps). This process is due to a recombination of two ICT states along
the chain as the polymer chain recoils and self-aggregates [43]. The ﬁrst process is gem-
inate recombination but the second process is due to two charge carriers from different
ICT states, thus it is bi-molecular recombination.
Comparing the life time of EX and ICT state, the ICT state has a 27% contribution
that lives longer than 500 ps. This longer life time of ICT state is due to the partial
separation of electron-hole pairs. Thus, exciton binding energy can be reduced in ICT
state which is beneﬁcial for the performance of OSCs based on such copolymers.
The photodynamics in copolymer P2TI chain is sketched in Figure 5.6(Right) and
can be summarized as follows: the 630 nm pump pulse excites the copolymer to the
ﬁrst singlet excited state and EX state is generated. This EX state has two channels by
which it decays. One of the channels is the normal relaxation channel to the ground
state (190 ps) and the other channel is internal conversion that will generate the ICT
state (2.1 ps). The ICT state relax back to the ground state by geminate and non-
geminate recombination channels.
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Figure 5.6: (left) The temporal evolutions of GSB, ICT and EX absorption ﬁttedwith a sum of exponential
functions. The time constant are shown in the ﬁgure. The ICT state absorption was multiplied by 6
for clarity. (right) A dynamics sketch of P2TI in CB solution. A 630 nm pump excites the copolymer
generating EX immediately. Part of the EX will then relax to ICT state with an internal conversion.
Finally the rest of the EX and the ICT state will relax back to the ground state.
5.2.4 fs-Transient absorption spectroscopy of pristine P2TI and BHJ
ﬁlms of P2TI:PCBM71
After understanding the dynamics of P2TI in a dilute solution, we proceed to TA mea-
surement of the pristine P2TI and P2TI:PCBM71 (1:2) BHJ ﬁlms as the real working
solar cell condition is based on thin ﬁlms. In OSCs, the polymer is the main photoab-
sorber but fullerene is added to facilitate exciton dissociation and charge transport
within the device. Excitons from fullerene are normally neglected. Therefore, both ﬁlms
were excited with a pump pulse of 630 nm which is the absorption maxima of P2TI.
The pump pulse was compressed using two prism compressor to a temporal duration
of sub 50 fs.
fs-Transient absorption spectroscopy of pristine P2TI
The dynamics in the pristine P2TI ﬁlm is a basis for understanding the dynamics in
the OSC.
The TA spectrum of the pristine P2TI is shown in Figure 5.7. A change in absorption
spectra at different times were taken out to facilitate the assignment of the signals, see
Figure 5.7(bottom). The spectra have two negative ΔOD signals peaking at 640 nm and
690 nm and one broad positive signal above 730 nm. The two negative signals’ position
matches well with the two steady state absorption peaks in the low energy band side
of the pristine P2TI ﬁlm (see Figure 5.1). Therefore, these two spectral contributions
are due to GSB. The broad positive signal has a maximum at 1175 nm. The signal is
generated immediately with the temporal resolution of our set up.
To understand the dynamics within the pristine ﬁlm, we ﬁtted the GSB and the
signal at 1175 nm with a sum of exponential functions. The time constant are shown in
the graph (Figure 5.8) and also summarized in Table 5.3. Both the signal at 1175 nm and
the GSB are generated in < 150 fs. The signal at 1175 nm decays with a time constant
38 ps (42%) and 265 ps (58%). The broad positive signal is thus assigned to exciton (EX)
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Figure 5.7: Top)TA spectrum of prisitne P2TI ﬁlm. The blue part of the spectrum shows a negative
change in absorption which is due to GSB. The broad light yellow and red regions (positive change in
Absorption) is due to ESA. bottom) ΔOD curves taken out at selected delay times. The negative ΔOD
peaks at positions corresponding to the maxima of the ground state absorption of pristine P2TI ﬁlm in
the low energy region thus the signal is due to GSB. The broad positive signal is due to EX.
absorption(S1 → Sn). Triplet states can be excluded as the state is generated in < 150
fs and decays in < 1 ns. The GSB and the EX absorption have similar time constants.
This shows there is no or negligible intermediate states that can be assigned to charge
transfer state or free charge carrier absorption.
In the TA spectrum of pristine P2TI ﬁlm, there was no growing signal that shows
the generation of ICT state as in P2TI in solution. According to Marcus theory, electron
transfer rate between the excited donor and acceptor increases with increasing reorga-
nization energy of both the materials and the solvent. The electron transfer from the
excited donor to the acceptor thus increases with increasing solvent polarity. This is the
case with P2TI copolymer in solution. But in the case of solid ﬁlms with strong inter-
chain interaction, the excited donor would rather transfer its electron to the adjacent
acceptor. Van Hal et. al.[42] studied electron transfer rate in donor-acceptor dyads. In
their study, they were able to measure the electron transfer rate in dilute dyad solution
samples but not in solid ﬁlms. They concluded charge separation in solid ﬁlms is ultra-
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fast due to intermolecular charge transfer reaction between adjacent dyad molecules.
Similarly, a strong interchain interaction due to π-π staking in the P2TI pristine ﬁlm
might dominate the intramolecular interaction. Thus, it won’t be possible to see ICT
formation in the pristine ﬁlms.
Figure 5.8: The temporal evolution of GSB and EX absorption are ﬁtted a sum of exponential functions.
The time constants of the EX and GSB signals (shown in the ﬁgure) are similar which indicates there is
no or negligible intermediate state.
fs-Transient absorption spectroscopy of P2TI:PCBM71 BHJ ﬁlm
The BHJ ﬁlm of P2TI:PCBM71 (1:2) was studied as it is the active layer of the best
performing cell among the different stoichiometries prepared (see above). The charge
dynamics in this ﬁlm determine the entire charge generation and recombination of the
solar cell excluding charge extraction by the electrodes. The photodynamics in the BHJ
ﬁlm follow from the pristine P2TI ﬁlm. The pump pulse excites the copolymer since
PCBM71 has a negligible absorption at 630 nm.
TA spectrum of the BHJ ﬁlm is shown in Figure 5.9. The spectrum has two negative
signals at the same position with the pristine P2TI ﬁlm which is assigned to the GSB of
the copolymer. The broad positive signal is assigned to excited state absorption (ESA).
Photogeneration in an OSC starts with exciton (EX) generation in the polymer. The
EX will then be quenched by the nearby acceptor and form a charge transfer (CT) state.
Finally, the CT excitons if they separate, will generate free charge carriers in the mani-
fold of charge separated (CS) states. Hence,the broad ESA is the sum of the absorption
of EX, CT and CS states.
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Figure 5.9: Top) TA spectrum of P2TI:PCBM71 (1:2) BHJ ﬁlm. The blue part of the spectrum shows a
negative change in absorption which is due to GSB. The broad light yellow and red regions (positive
change in Absorption) is due to ESA. bottom) ΔOD curves taken out at selected delay times. The neg-
ative ΔOD peaks at positions corresponding to the ground state absorption of pristine P2TI ﬁlm. The
broad positive signal is due to EX+CT+CS states absorption. The ESA has a similar proﬁle after 1 ps
which shows all the states are populated below this time scale
Looking closely to the ESA part of the TA spectrum of the BHJ ﬁlm, the spectra
have similar proﬁle after 1 ps. Thus, all the states are generated in < 1 ps. This is in
agreement with ultra-fast exciton quenching in OSCs.
It was not easy to spectrally identify the three states in the TA spectrum. To simplify
the process we startedwith the signals that we already have prior knowledge. From the
pristine P2TI ﬁlm, it is known that the EX absorption is at 1175 nm. Thus, a temporal
trace at 1175 nm was ﬁtted with a sum of exponential functions. The majority of the
absorption at 1175 nm (63%) decays with a time constant of 10.5 ps and 29% of the
signal decays with a time constant of 200 ps, a very small part (8%) of the signal stays
longer than 2 ns. Comparing the absorption signal at 1175 to the GSB, its time constants
vary considerably. The GSB has a 39% contribution that lives longer than 2 ns. Clearly,
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there must be some intermediate states in the ESA. Therefore, a temporal trace was
taken at the other end (805 nm) of the ESA to avoid the contribution of EX absorption
as much as possible. The temporal evolution and the sum of exponential ﬁts of the
selected spectral signatures are shown in Figure 5.10. The trace at 805 nm was ﬁtted
with a sum of exponential functions and compared with GSB (see Table 5.3). The signal
rises with a time constant of 250 fs and decays (56%) with a time constant of 120 ps.
The signal has a 44% contribution that lives longer than 2 ns. This signal has a similar
temporal proﬁle to the GSB (see Table 5.3). The signal at 805 nm rises with a time
constant longer than the resolution of the set up, this excludes the assumption of EX
absorption in this signal. The signal is thus the sum of absorptions of CT excitons and
free charge carriers in CS state. Hence, both CT and CS states are generated with a time
constant below 250 fs. The CT state decays with time constant of 120 ps and the CS
state lives longer than 2 ns. The absorption signal at 1175 nm on the other hand has
three contributions: 63% EX which decay in time constant of 10.5 ps, and CS state that
lives longer than 2 ns but the 200 ps time constant can be either CT state or EX decay.
The time constant is in the order of EX life time. It also is close to the CT state life in
120 ps. The photodynamics is sketched in Figure 5.11.
The contribution of absorption of charge carrier bound or free can be analysed using
the signal at 805 nm. This signal hence dictates the charge generation and recombina-
tion dynamics in P2TI:PCBM71 BHJ solar cell. The signal rises in a short time scale
(250 fs), which shows efﬁcient exciton quenching but in about 1 ns almost 60% of the
signal decays. This explains the poor performance of the solar cell. This is due to the
coarse morphology of the active layer as seen in the large domain sizes of SEM images.
Since exciton quenching is efﬁcient, loss of percolation pathways for free charge carri-
ers to propagate to their respective electrodes is the reason for poor performance of the
P2TI:PCBM71 based OSCs. The assumption that the domains in the SEM images are
mixture of donor and acceptor is also conﬁrmed with TA measurement.
Figure 5.10: (left)The temporal proﬁles of GSB and signal at 805 absorption and (right) absorption signal
at 1175 nm in P2TI:PCBM71 BHJ ﬁlm are ﬁtted with a sum of exponential functions. Both the GSB and
the signal at 805 nm have a large portion that lives longer than 2 ns. The signal at 805 nm is due to CT
and CS states absorption.
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Figure 5.11: Sketch of Photodynamics in BHJ ﬁlm of P2TI:PCBM71(1:2). The EX in the copolymer is
quenched by PCBM71 in < 250 fs and a CT and CS states are generated. The free charges will then be
collected with their respective electrode if they avoid bimolecular recombination.
Table 5.3: Time constants obtained by ﬁtting each signal with a sum of exponential functions. The am-
plitude of each signal is normalized in percentage where A = Ai/(A1 + A2 + A3) X 100%.
Polymer Signal A1 (%) τ1 (ps) A2 (%) τ2 (ps) A3 (%) τ3 (ps)
P2TI in CB 760 nm — 2 (rise) 73 180 27 > 500
1000 nm 10 2.1 90 190 —- —-
650 nm 24 20 62 590 14 > 600
P2TI Film 1175 nm 40 38 58 265 2 >> 2000
650 37 36 59 300 4 >> 2000
P2TI:PCBM71(1:2) ﬁlm 1175 nm 63 10.5 29 200 8 >> 2000
805 nm – 0.25 (rise) 56 120 44 >> 2000
650 nm 19 5.5 43 450 38 >> 2000
5.3 Conclusion
In conclusion, a copolymer with bithiophene as a donor and isoindigo as an accep-
tor unit, P2TI, was studied. The absorption of the copolymer spans from below 350
to about 780 nm. The band gap of the polymer was 1.56 eV. A moderated solar cell
efﬁciency of 1.02% with relatively high open circuit voltage of 0.81 V was obtained in
an ITO-free solar cell based on a bulk heterojunction active layer of P2TI:PCBM (1:2).
A steady state ﬂuorescence measurement with two solvents of different polarity con-
ﬁrmed the presence of intramolecular charge transfer state in the relaxation channel of
P2TI in solution. fs-Transient absorption spectroscopy measurement of P2TI in solu-
tion showed that this state was generated from the ﬁrst singlet excited state with a time
constant of 2 ps. Transient absorptionmeasurement was also done on pristine P2TI and
P2TI:PCBM71 (1:2) ﬁlms. In pristine P2TI ﬁlm, the photodynamics is mainly due to sin-
glet excitons. Interchain interaction in P2TI pristine ﬁlm dominates the charge transfer
process. Consequently, intramolecular charge transfer state could not be observed. In
the bulk heterojunction ﬁlm, free charge carriers were formed in ultrafast time scale
but only 44% of the charge carriers lived longer than 2 ns. This is due to the poor mor-
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phology of the ﬁlm. In such morphology, even if exciton quenching is fast, the loss
of continuous percolation pathways to each of the charge carriers in their respective
phases will have an adverse effect in the photogeneration. The poor current density
from such a copolymer with a broad band absorption and high extinction coefﬁcient
is thus due to the loss of percolation pathways. Therefore, optimizing the morphology
of the active layer can enhance the solar cell by creating uninterrupted pathways for
charge carriers in their respective medium all the way to the electrodes.
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6. Effect of side chain on photophysics
and photovoltaic properties of two
terthiophene-isoindigo copolymers
6.1 Introduction
Organic solar cells (OSCs) are mainly fabricated with solution processable techniques
like spin coating, doctor blade coating and roll-to-roll printing. Hence, solubility of
these polymers is a crucial step in the fabrication process. The use of side chains is es-
sential to make polymers soluble enough for OSC application [13, 64]. For a long time,
the use of side chains was believed to improve the solubility of the polymer without
changing its opto-electronic properties. The band gap of a polymer can be tuned by
adding side chains [13]. These side chains might induce steric hinderance in the back-
bone of the polymer. Consequently, the band gap increases. The position of the side
chains can also change its opto-electical property [65]. Besides, side chains play an im-
portant role in the planarity of polymers [65] which is crucial for charge mobility. Some
side chains like alkyl-substituted aromatic side groups can extend the π conjugation
from the backbone to the lateral substituents leading to 2D conjugated system [66].
Most of the reports focus on the effect of side chains on the crystallization, opto-
electronic properties, morphological structures of polymers and their photovoltaic prop-
erties when blended in a BHJ composite with fullerene derivatives. But side chainmod-
ulation can also directly affect the ICT character of a copolymer. Understanding the ICT
character of a copolymer is important to further optimize their structure for increasing
the performance of OSCs. Therefore, a systematic study of side chain engineering on
the ICT character is essential to understand the structure-property relationship of D-A
type copolymers for OSC application.
In this work, two copolymers (Figure 6.1) with terthiophene as a donor and isoindigo
as an acceptor were designed and synthesized by direct arylation polycondensation
method (see section 2.3). The difference in structure between the two copolymers is the
length of the alkyl side chains on the terthiophene unit. The copolymer P3TI-1 has an
octyl side chain (C8H17) and P3TI-2 has a longer dodecyl (C12H25) side chains at posi-
tions 3 and 4 of the ﬁrst and the last thiophene units of the terthiophene donor units
respectively. It is found that the length of the alkyl side chains can change the optical
property, energy levels and photovoltaic property. We also studied charge dynamics of
the copolymer using TA spectroscopy. The results showed that the length of alkyl side
chains has a signiﬁcant effect on ICT generation rate of the copolymer, exciton life time
and charge carrier dynamics in pristine and copolymer/PCBM71 BHJ ﬁlms.
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Figure 6.1: Chemical structures of P3TI-1 (left) and P3TI-2 (right) copolymers. The only difference in
their structure is the length of the side chains.
6.2 Result and discussion
6.2.1 Steady state spectroscopy
Absorption spectra
Absorption spectra of the two copolymers are expected to be similar as their backbone
structure is the same. Any difference observed can simply be attributed to the length
of alkyl side chains on the terthiophene unit. Absorption spectra of P3TI-1 and P3TI-
2 were taken both in solution and spin coated ﬁlms. Absorption spectra of the two
copolymers in CF solution ,shown in Figure 6.2a and b(black), has the so called ”camel
back” structure which is a ﬁnger print of D-A copolymers [34]. The low energy band
from 580 nm to 650 nm is usually composed of a transition to an ICT state. This charge
transfer character is due to intra-molecular charge transfer between the terthiophene
and the isoindigo unit. The high energy band between 380 nm and 420 nm is due to the
π − π∗ transition. This π − π∗ transition is common in π -conjugated polymers due to
the alternating single and double bonds. This band is de-localized along the chain of
the copolymers. The change in the length of the side chains on the terthiophene unit
did not create a noticeable change in the absorption spectra of the copolymers in CF
solution.
The absorption spectra of the two copolymers in ﬁlms(Figure 6.2a and b (red)) have
similar shapes but were broader than the respective absorption spectra in solution. This
indicates a goodmolecular packing in solid states. Optical band gaps of the copolymers
calculated from the absorption onset of the polymers were 1.63 and 1.56 eV for P3TI-
1 and P3TI-2, respectively. The band gap of the copolymers is in the ideal region for
photovoltaic application[58]. The length of alkyl side chains on the terthiophene unit
of the copolymers has negligible effect on the band gap of the copolymers. The absorp-
tion spectra of the two copolymers blended with PCBM71 is a simple superposition
of the absorption spectra of the copolymers and PCBM71. The fullerene derivative
PCBM71 has a better absorption below 500 nm and lower LUMO level that enables
lower driving force for exciton dissociation than PCBM61. In the BHJ ﬁlms of P3TI-1
or P3TI-2 blended with PCBM71, the contribution of PCBM71 to the total absorption is
insigniﬁcant as both copolymers have a good absorption below 500 nm. But a BHJ ﬁlm
of copolymer:PCBM71 has a better exciton dissociation efﬁciency than the BHJ ﬁlms of
polymer:PCBM61 because PCBM71 has a lower LUMO level[18].
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Figure 6.2: Steady state absorption spectra of P3TI-1(a) and P3TI-2 (b) in CF solution(black), pristine
ﬁlm (red) and BHJ blends with PCBM71 (blue). The absorption spectra of both copolymers in solution
and Pristine ﬁlm has the so called ’camel’ back structure. The BHJ absorption spectra have negligible
contribution from PCBM 71 (shown in gray dashed line in a).
Table 6.1: Optical properties of P3TI-1 and P3TI-2.
copolymer Abs. Max Film Abs. Max Soln. Abs Shift from Soln to Film EOptg (eV)
λmax1 λmax2 λmax1 λmax2 Δλmax1 Δλmax2
P3TI-1 404 611 375 591 29 20 1.63
P3TI-2 411 615 373 592 38 23 1.59
Photoluminescence (PL)
The PL spectra of both copolymers in CF solution were recorded at excitation of both
the absorptionmaxima of the respective copolymers. PL spectra recorded after exciting
at the higher wavelength of each copolymers resulted in a stokes shift of 155 nm (0.44
eV) for P3TI-1 and 149 nm (0.42 eV) for P3TI-2 copolymer. These large stokes shifts
can be due to signiﬁcant structural changes of the copolymers upon excitation. Upon
excitation, a molecule will be in its Frank-Condon excited state, then the molecule’s
nuclear geometry rearranges itself to a more stable conﬁguration which is the excited
state equilibrium. The electronic structure of a sample therthiophene-isoindigo copoly-
mer was calculated using DFT calculations both in the ground and excited state (see
Figure 2.10). In the DFT calculations, we found that the electronic structure of these
type of copolymers goes from D - A in the ground state to D+ = A− equilibrium ex-
cited state. This creates a signiﬁcant structural change that is accompanied by a large
stokes shift.
To better understand the relaxation channels in the copolymers chains, we further
studied their PL in two solvents with different polarity: CB (polarity index = 2.1) and
CF (polarity index = 4.1) with excitations at the longer wavelength absorption maxi-
mum of each. The PL and absorption spectra of both copolymers in CB and CF solution
are shown in Figure 6.3. The PL spectra of both copolymers in two solvents showed a
red shift with increasing solvent polarity but the absorption spectra remains the same.
A solvent-solute interaction depends on the nature of the solute and the polarity of
the solvent. If a molecule has a higher dipole moment in the excited state than the
ground state (μe > μg), a polar solvent can interact with the dipoles in the excited state
in such a way that it lowers its energy. The increase in polarity of the solvent enables
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Figure 6.3: PL and Absorption spectra at excitation of the higher wavelength absorption maxima of
P3TI-1 (a) and P3TI-2 (b) in CB (red) and CF (black). A red shift in PL in both copolymers conﬁrms
presence of ICT state in their relaxation channels
access this lower state. In the case of copolymers, the donor-acceptor coupling creates
a dipole due to the intramolecular charge transfer. The red shift in PL of copolymer
P3TI-1 and P3TI-2 with increasing solvent polarity hence conﬁrms the presence of ICT
state in the relaxation of these copolymers.
The PL spectra was also recorded at excitation of 374 nm (Figure 6.4). The PL spectra
of P3TI-1 (Figure 6.4a) has a negligible PL in the lower wavelength region but P3TI-
2 (Figure 6.4a) has two distinct PL regions. This shows the higher wavelength region
relaxation is the dominant relaxation channel in the copolymer P3TI-1. Therefore in
P3TI-1, the ICT state is the dominant relaxation channel. But copolymer P3TI-2 has
two relaxation channels of which the low wavelength region emission is stronger. This
low wavelength transition is due π − π∗ transition.
Figure 6.4: PL spectra of (a)P3TI-1 and (b) and P3TI-2 exited at higher wavelength (black) absorption
maxima and lower wavelength (red) absorption maxima. ICT state is the dominant relaxation channel
in P3TI-1 but P3TI-2 has an additional relaxation channel. The sharp peaks in the ﬁgure are the scattered
pump light.
60
Stellenbosch University  https://scholar.sun.ac.za
6.2.2 Photovoltaic performance and morphology
Photovoltaic Properties
OSCs in an ITO free geometry (Al/TiOx/ Active layer /PEDOT:PSS PH 1000) were
prepared. The active layerwas a BHJ composite of P3TI-1 or P3TI-2 copolymers blended
with PCBM71. The detail of the sample preparation is given in chapter 4.
The photovoltaic performance of a given solar cell is the product of open circuit
voltage, short circuit current and ﬁll factor under 1 sun condition. The efﬁciency of
P3TI-1:PCBM71 and P3TI-2:PCBM71 BHJ OSCs were 0.93% and 0.67%. The efﬁciency
decreased by 28% as the length of the alkyl side chains in the thertiophene units of the
copolymer is longer by 4 methyl units. The photovoltaic parameters of the two solar
cells are summarized in Table 6.2. Short circuit current of a solar cell is determined by
many factors that include spectral overlap of the copolymer’s absorption with the solar
spectrum, charge transport, and morphology of the active layer. The amount of solar
irradiance that can be absorbed is determined by the broadness of the absorption spec-
tra of the copolymers and its absorption coefﬁcient. In copolymers P3TI-1 and P3TI-2,
there was almost no difference in their spectral coverage of the solar spectrum. The ab-
sorption coefﬁcient is also another parameter to be considered. But in the preparation
of the solar cells, the thickness of the cells is optimized for best performance. Hence, the
difference in their absorption coefﬁcient is compensated. A LUMO offset between the
copolymers and PCBM71 of 0.3 - 0.4 eV is needed to overcome exciton binding energy
in OSCs [58]. The LUMO offset of P3TI-2:PCBM71 is 0.3 eV but for P3TI-1:PCBM71
it is 0.2 eV (Figure 6.6a). The lower LUMO offset in P3TI-2:PCBM71 might contribute
to its smaller short circuit current due to poor exciton quenching. But in the case of
copolymers, exciton binding energy can be lower due to their dipolar character. To
see if the LUMO offset is the reason for lower short circuit current in P3TI-2:PCBM71
OSCs, we took ﬂuorescence(FL) images of the pristine copolymers and the BHJ ﬁlms
of the copolymer:PCBM71 (see Figure 6.5). FL quenching efﬁciency is calculated as:
ΔFL = 1− FLBlend
FLPrisitne
, (6.1)
where FLBlend and FLPrisitne are the average FL over the measured area of the blend or
the pristine copolymer ﬁlms.
A ΔFL value of 90.1% for P3TI-1:PCBM71 and 81% for P3TI-2:PCBM71 was found.
Therefore, exciton quenching is more efﬁcient in P3TI-1:PCBM71.
Open circuit voltage tells us the energetics in the entire solar cell. The HOMO and
LUMO levels of both copolymers was measured using square voltammetry and is
shown in Figure 6.6a[20]. Open circuit voltage is mainly determined by the difference
in the effective band gaps i.e ΔE = EpolymerHOMO - E
PCBM71
LUMO of the device. The effective band
gap (ΔE) is similar for both copolymers because they have similar HOMO levels. The
open circuit voltage differ by only 5 mV.
The ﬁll factor (FF) of the OSCs based on BHJ of P3TI-1:PCBM71 and P3TI-2:PCBM71
is the main difference among the two devices. It increases almost by 2 fold as the length
of the alkyl side chains on the terthiophene unit of the copolymers becomes shorter by
4 methyl unit. FF is a measure of recombination in a solar cell. Therefore, the 2-fold dif-
ference in FF of the OSCs shows charge recombination losses in P3TI-2:PCBM71 OSCs
are worse than P3TI-1:PCBM71 OSCs. This indicates that long alkyl side chains in the
copolymers create a barrier on charge carrier transport to the electrodes. The long alkyl
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Figure 6.5: Florescence imaging of (a) Pristine P3TI-2 ﬁlm (FLav = 7.5 counts/3 mm2 ×106 pixels) (b)
P3TI-2:PCBM71 BHJ Film (FLav = 39.5 counts/3 mm2 ×106 pixels) (c) Pristine P3TI-1 ﬁlm (FLav = 58.9
counts/3 mm2 ×106 pixels) (d) P3TI-1:PCBM71 BHJ Film (FLav = 5.4 counts/3 mm2 ×106 pixels). The
redder images show higher FL while the darker images represent reduced FL. Exciton quenching is
more efﬁcient in P3TI-1:PCBM71.
side chains might create traps that will induce higher recombination losses in the cells.
This observation is the motivation for further studying the effect of length of alkyl side
chains on charge transfer dynamics that occur within the copolymer chain, when the
copolymer chains can interact in solid pristine ﬁlms and when it is in the actual solar
cell active layer i.e BHJ ﬁlm of copolymer:PCBM71. These will be discussed in the next
sections.
Figure 6.6: a) Energy levels and b) J-V curves of Al/TiOx/ P3TI-1(P3TI-2):PCBM71/PEDOT:PSS OSCs.
The ﬁll factor is the main difference in the two solar cells. The ﬁll factor increased by 48% when the
length of the alkyl side chains on the donor unit of the copolymers is shortened by 4 methyl units.
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Table 6.2: Summary of photovoltaic properties of Al/TiOx/P3TI-1:PCBM71/PEDOT:PSS and
Al/TiOx/P3TI-2:PCBM71/ PEDOT:PSS OSCs
Copolymer Copolymer to PCBM71 Ratio Jsc(mA/cm2) Voc(V) FF (%) Eff(%)
P3TI-1 1:2 1.9 0.74 58 0.81
P3TI-1 1:3 2.2 0.74 58.1 0.93
P3TI-2 1:2 3.2 0. 30.2 0.67
Morphology
The short circuit current in both solar cells is lower than expected from their broad
absorption. We studied the morphology of the active layer in these solar cells using
scanning transmission electron microscopy (STEM) (Figure 6.7). The active layers in
both solar cells are full of large domains that exceed 200 nm. The images can not give a
comparative value between the two solar cells as the size of the domains in both solar
cells is muchmuch larger than the typical exciton diffusion length (5- 20 nm). The result
emphasizes the importance of better intermixing between the copolymer and PCBM71
for photogeneration. Exciton created in the copolymer should get to PCBM71 molecule
within its diffusion length for dissociation. The dissociated charge carriers should also
have un-interrupted pathway to the electrodes. The morphology of the active layers of
both P3TI-1:PCBM71 and P3TI-2:PCBM71 OSCs are poor for efﬁcient photogeneration
and collection of charge carriers. Therefore, the short-circuit current in both OSCs is
low compared to what is expected from their broad absorption. Solvent additives like
1,8-diiodooctane are usually used to improve the intermixing between the copolymers
and PCBM71. This can enhance the short circuit current. We recommend morphology
optimization for the OSCs studied in this work.
Figure 6.7: STEM images of P3TI-2:PCBM71 (1:2) (left) and P3TI-1:PCBM71 (1:3) (right). The active lay-
ers are full of domain sizes exceeding 200 nm which is more than 10 times the typical exciton diffusion
length.
6.2.3 Charge dynamics in copolymer chains
fs-Transient absorption(TA) spectroscopy measurement were taken in dilute solutions
of the copolymers in CB solvent. We ﬁrst took steady state absorption spectra of the
copolymers solutions to see any aggregation effect in the concentrations studied for
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TA measurement. There was no spectral shift that would indicate aggregation in both
solutions. Therefore, any interchain interaction in data analysis of fs-TA measurement
in solution can be excluded.
The fs-TA spectra of both copolymers (Figure 6.8) in CB solution have positive ΔOD
signals above 900 nm, a negative ΔOD signal below 650 nm and an overlapping pos-
itive and negative ΔOD signal around 680 and 685 nm for P3TI-1 and P3TI-2 respec-
tively. The negative ΔOD signals in both copolymers can be assigned to ground state
bleaching (GSB) unambiguously because of their spectral matching to the absorption
maxima of the corresponding copolymers as shown in Figure 6.2. This signal has also
the contribution of scatter pump light. The positive signal above 900 nm is assigned
to exciton absorption as it is generated within our temporal resolution (< 150 fs). The
last spectral signature in both copolymers evolves from a negative signal to a positive
absorption signal and grows upto 30 ps and 40 ps for P3TI-1 and P3TI-2 respectively.
The spectral position of these signatures coincide with the emission of the respective
copolymers (see Figure 6.3). These signatures might be either overlapping
Figure 6.8: Transient absorption spectra (top) P3TI-1 (bottom) P3TI-2 in CB solution. Both TA spectra
show a growing ICT signal around 680 nm and exciton absorption above 900 nm.
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Figure 6.9: Temporal proﬁle and ﬁtting of ICT and exciton absorption of (a) P3TI-1 (b) P3TI-2 copolymer
in CB solution
signatures of stimulated emission and growing intermediate states or growing in-
termediate states that quenches the emission of the respective copolymers. In either
cases, the signatures have contributions from intermediate states. From the steady state
spectroscopy measurement and DFT calculations, we know ICT state participates in
the relaxation of the copolymers in solution. Therefore, this intermediate state is as-
signed to ICT state. To understand the photodynamics of each copolymer, we took line
outs at the ICT and exciton absorption signals. We ﬁtted the temporal evolution of
each spectral signature with sum of exponential functions. The ﬁt results are shown
in Figure 6.9 and summarized in Table 6.3. The ICT state grows with a time constant
of 4.5 ps and 13 ps for P3TI-1 and P3TI-2 respectively. The rise time constants of each
ICT states and the short decay time constants of corresponding exciton absorptions
correlate well. The ICT state generation rate in P3TI-1 copolymer is faster by almost
3-fold than the rate in P3TI-2 copolymers. The shorter side chains in P3TI-1 copoly-
mer enhance the ICT character between the donor and the acceptor units. This is also
observed in its lower LUMO level. The LUMO of the copolymers are the result of or-
bital coupling of the LUMOs of the donor terthiophene unit and the acceptor isoindigo
unit. The acceptor units are similar in both copolymers. Therefore, the lower LUMO
level in P3TI-1 shows an effective electron transfer from the donor to the acceptor unit.
On the contrary, the long side chains in P3TI-2 create a barrier for charge transfer be-
tween the donor and the acceptor units. This might be because of poor orbital coupling
between the donor and acceptor units in the copolymer. The PL measurement with ex-
citation at lower wavelength absorption maximum of P3TI-2 shown in Figure 6.4 also
supports this conclusion. The dominant relaxation channel in this copolymer was the
lower wavelength region.
Table 6.3: Summary of ﬁt results of copolymer P3TI-1 and P3TI-2 in CB solution
Copolymer Signal A1 τ1(ps) A2 τ2(ps) y0
P3TI-1 ICT – 4.5 (rise) 1.6 180 0
P3TI-1 Exciton 0.45 4.5 5.4 115 0.2
P3TI-2 ICT – 13.1 (rise) 4.6 212 0.07
P3TI-2 Exciton 0.13 13 1.37 135 0
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6.2.4 Charge dynamics in pristine copolymer ﬁlms
Unlike copolymers in solution where the chains of the copolymers are isolated, there
is interchain interaction in the solid ﬁlms as could be seen from the broadening of the
steady state absorption spectra in solids ﬁlms compared to the solution (see Figure 6.2).
This interchain interaction inﬂuence the TA spectroscopy measurement.
Figure 6.10: TA spectra P3TI-1 (top) and P3TI-2 (bottom) pristine ﬁlms. The TA spectra of the pristine
ﬁlms are different from TA spectra of the respective copolymers in CB solution.
The TA spectra of P3TI-1 and P3TI-2 copolymers pristine ﬁlms are clearly different
from their respective TA spectrum in solution (see Figure 6.10). The TA spectra of both
copolymers in pristine ﬁlms have negative signals below 720 nm and a broad positive
signals above it. There was no growing signal within our temporal resolution. The ESA
was populated within our temporal resolution. This ESA signal in the TA spectrum
of the pristine conjugated polymer ﬁlms is dominated by excitons especially in short
time scale less than 1 ns. To ﬁnd out if there is any other contribution to ESA signal in
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addition to exciton absorption, we took line outs at different wavelength regions for
both copolymers as shown in the Figure 6.11.
Figure 6.11: Temporal proﬁle of line outs taken at different wavelengths of the TA spectra of (a) P3TI-1
(b) P3TI-2 in pristine ﬁlm. The line out have similar temporal evolution. This shows there is only one
spectral signature in the ESA.
Figure 6.12: Temporal proﬁle of exciton in (a) P3TI-1 and (b) P3TI-2 copolymer pristine ﬁlm. Longer
alkyl side chains shortens exciton life time.
We didn’t observe a signiﬁcant difference in the life time of the signals taken at dif-
ferent positions of the TA spectra of both copolymer pristine ﬁlms (Figure 6.11). Thus,
exciton absorption is the reasonable assignment for the broad ESA signal observed in
both copolymer pristine ﬁlms. The exciton in P3TI-1 and P3TI-2 decays with time con-
stants of 153 ps and 120 ps respectively (Figure 6.12). The stronger ICT character of the
excitons in the copolymer-P3TI-1 might contribute to its longer exciton life time.
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Intensity dependent dynamics in pristine copolymer ﬁlms
In the quest of an answer for the 2 fold difference in FF between P3TI-1:PCBM71 and
P3TI-2:PCBM71 solar cells, we further studied intensity dependent dynamics of exci-
ton in each copolymer pristine ﬁlms. At excitation densities exceeding 1017 photons/cm3
in conjugated polymers, excitons will have high probability of meeting each other
which can prompt exciton-exciton annihilation (EEA)[? ]. In EEA, the energy of one
of the excitons is transferred to the other. Consequently, the ﬁrst exciton will relax back
to the ground state while the second is excited to higher states. The product of EEA is
thus an excited exciton (S1 → Sn) at an expense of relaxing one exciton (S0 ← S1). The
excited exciton will relax back by an ultrafast internal conversion: S1 ← Sn [52]. For
EEA the excitons should diffuse a distance where there can be Forster Energy transfer.
Thus, diffusion length and life time are the important parameters in EEA. The pump
ﬂuence was increased from 160 nJ to 240 and ﬁnally to 500 nJ with a beam size of ap-
proximately 100 μm diameter. Assuming a thickness of 100 nm for each copolymer
ﬁlms, the excitation density is calculated to be 6.5 × 1016, 8.5 × 1016, and 1.8 ∗ 1017
photons/cm3. EEA annihilation is a fast process thus short time scale measurement
upto 10 ps were taken.
For copolymer-P3TI-2, there was no intensity dependent dynamics for pump ﬂu-
ence from 2 to 3.06 mJ/cm2. A faster decay dynamics was observed as the ﬂuence was
further increased to 6.4 mJ/cm2 (Figure 6.13a). The faster decay dynamics with increas-
ing ﬂuence shows an intensity dependent dynamics has come to play. This intensity
dependent dynamics is bimolecular. The short time dynamics in a pristine polymer
ﬁlm is mainly due to excitons. Charge carriers (bound or free) if generated dominate in
longer time scales. Consequently, the bi-molecular dynamics is related to the dynamics
that involves only excitons which are exciton relaxation and EEA. EEA is thus the only
possible bimolecular dynamics.
Figure 6.13: Temporal evolution and sum of exponential ﬁts of EX in a) P3TI-2 and b) P3TI-1 copolymer
pristine ﬁlm with different pump ﬂuence. EEA started at lower excitation density in P3TI-1 than P3TI-2.
Exciton diffusion is more efﬁcient in P3TI-1
Comparing the temporal proﬁle of pristine copolymer P3TI-1 and P3TI-2 ﬁlms at a
pump ﬂuence of 2 mJ/cm2 (160 nJ), the latter has negligible decay in the ﬁrst 10 ps. But
P3TI-1 shows a signiﬁcant loss (36%) within the ﬁrst 10 ps. In this short time scale, no
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or negligible loss of excitons is expected in conjugated polymers. In copolymer-P3TI-1,
this loss becomes faster as we increase the pump ﬂuence to 3.06 mJ/cm2 (240 nJ), thus
we assign this loss for EEA.
Assuming each photon generates an exciton, the exciton density can be approxi-
mated to the excitation density. Thus, the exciton density to initiate EEA in copolymer-
P3TI-1 was one order lower than copolymer-P3TI-2. This shows effective exciton dif-
fusion in copolymer-P3TI-1. The excitons in P3TI-2 have shorter diffusion length due
to the longer alkyl side chains. This lowers the probability of their interaction for EEA
in lower excitation density. Alkyl side chains can change the morphology or packing
of the copolymer ﬁlms. The degree of crystallinity in the ﬁlms creates a difference in
coupling between chromophores which in turn affects the diffusion length of excitons.
A study on Poly 3-hexylthiophen(P3HT) showed diffusion length increases with in-
creasing crystallinity. The diffusion length of a highly crystalline regio-regular-P3HT
(RR-P3HT) is 20 nm which is 4 times longer than the diffusion length of an amorphous
regiorandom P3HT (RRa-P3HT) [52]. The longer alkyl side chains in P3TI-2 copoly-
mer therefore traps exciton by creating a barrier to interchain interaction in the pristine
copolymer ﬁlm. A poor interchain interaction in P3TI-2 pristine ﬁlm is detrimental to
the chargemobility in the respective solar cell which is one of the important parameters
for power conversion efﬁciency.
Table 6.4: Summary of ﬁt results of copolymer P3TI-1 and P3TI-2 pristine ﬁlms with different pump
ﬂuence.
Copolymer Fluence (mJ/cm2) A1 τ1(ps) A2 τ2(ps)
P3TI-1 2 17 9.8 2 153
P3TI-1 3.06 1.6 7.3 3.2 153
P3TI-2 2 – – 2.2 120
P3TI-2 6.4 5.4 4 4.2 120
6.2.5 Dynamics in BHJ ﬁlms of copolymers blended with PCBM71
The BHJ composite of P3TI-1 or P3TI-2 copolymers and PCBM71 serves as the active
layer of the photovoltaic cell. The dynamics that we observe in these ﬁlms collectively
contribute to the internal quantum efﬁciency(IQE) of the solar cell. The efﬁciency of
a given solar cell is a result of multiple process from absorption of photons to charge
collection by the asymmetric electrodes. The charge generation process is discussed in
chapter 3. The charge generation process starts with exciton (EX)generation. The EX
will be quenched at the copolymer/PCBM71 interface and generate charge transfer
(CT) excitons. Finally, the CT excitons will dissociate into free charges in the manifold
of charge separated (CS) states. The TA spectra of BHJ ﬁlms of the copolymers with
PCBM71 is shown in Figure 6.14. The ESA signal in these BHJ ﬁlms will have a con-
tribution EX, CT states and CS states. It is difﬁcult to spectroscopically separate each
of these signal. The signals usually overlap, it will be possible to deconvolve them
with a pre-knowledge of the absorption of at least two signals. The measurement in
the pristine polymer can give us information about EX absorption. And an additional
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measurement on oxidized sample of the copolymers can help determine the absorption
of the CS state.
Figure 6.14: TA spectra P3TI-1:PCBM71(1:2)(top) and P3TI-2:PCBM71 (1:2) (bottom) BHJ ﬁlms. The
broad ESA is due to EX, CT and CS states.
The other possibility is to take line outs at different spectral regions of the TA spec-
trum and analyse their temporal evolution. In doing so, wemight be able to get a signal
with contributions from one or two of the three excited states. We were able to use this
assumption for P2TI:PCBM71 BHJ ﬁlm in the previous chapter. We also tried taking
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line outs at different wavelength regions of the ESA for the two copolymer:PCBM71
BHJ ﬁlms studied here. Unfortunately, the temporal proﬁle of each of the line outs
are similar. Hence, we took line outs at the EX absorption wavelengths of each of the
copolymers and analysed the temporal evolutions of the signals. We ﬁtted the tempo-
ral proﬁles with a sum exponential functions (Figure 6.15 and 6.16). A time constant of
τ1 = 1.5 (3.2) ps, τ2 = 15 (0) ps, τ3 = 300 (200) ps and τ4 >> 2 ns was found for P3TI-1
(P3TI-2) respectively at a pump ﬂuence of 2.6 mJ/cm2.
These signals for both BHJ ﬁlms was populated within our temporal resolution.
This instantaneous population can mean: 1. the signal is purely exciton 2. the signal is
due to exciton and the charge related species (CT ans CS) which means the CT and CS
states are also generated instantaneously. 3. The signal is due to absorption of charge
related species due to fast quenching of excitons below our temporal resolution. The
signal has a measurable (20 to 30%) contribution that lives longer than 2 ns. There-
fore, it clearly has a contribution from absorbing charge related species. It also has a
decay time constants below 5 ps, which should be assigned to exciton related dynam-
ics. Therefore, the second assumption which says the signal is due to EX, CT and CS
state seems a plausible assumption. This assumption also is supported by the mor-
phology images taken by STEM (Figure 6.7). The large domain sizes can suppress the
exciton dissociation at the interface and/or the percolation of free charge carriers. This
poor morphology creates a bunch of life times for excitons in the different part of the
domains. The excitons created at the interface will be quenched below our temporal
resolution, the excitons created at a distance which is lower or equal to the exciton dif-
fusion length will be quenched latter. The rest of the excitons which are far from the
interface will have no chance of dissociation thus relax back within their life time.
Figure 6.15: Temporal proﬁle and ﬁt of a line out at λ = 1020nm of TA spectra P3TI-1:PCBM71 at
different pump ﬂuence. The signal has a contribution that lives >> 2 ns. This is due to the contribution
of charge related species.
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Figure 6.16: Temporal proﬁle and ﬁt of a line out at λ = 1100nm of TA spectra P3TI-2:PCBM71 at
different pump ﬂuence. The signal has a contribution that lives >> 2 ns. This is due to the contribution
of charge related species.
Therefore, we have to be careful when assigning the time constants to a speciﬁc
process in the BHJ ﬁlms. To help the assumption of the time constants we measured
the dynamics with two pump ﬂuence (see Figure 6.15 and 6.16). As summarized in
Table 6.5, the ﬁt results have 3 to 4 time constant. The last time constants can safely be
assigned to charge separated states. The 3rd time constant is longer than the life time of
excitons. It can be assigned to either charge transfer or charge separated states. In P3TI-
2:PCBM71 BHJ ﬁlm, the 3rd time constant, τ3, almost doesn’t change with pump ﬂu-
ence. This indicates the geminate nature of the dynamics. Therefore, this time constant
can be assigned to the decay of CT states. The third time constant in P3TI-1:PCBM71
BHJ ﬁlm disappears as we increase the pump ﬂuence, so it can not unambiguously be
assigned.
Even if we could partially understand the dynamics in each BHJ ﬁlms, it was not
possible to draw a conclusion that can support the difference in the efﬁciency of the
solar cell devices prepared using these BHJ ﬁlms. The increase in pump ﬂuence de-
creased the contribution of the long living component (Free charge) from 30 to 21% in
P3TI-2:PCBM71 BHJ ﬁlm. On the contrary this contribution grows in P3TI-2:PCBM71
ﬁlm from 20 to 30% with increasing the pump ﬂuence. A precise measurement of the
thickness will enable the possibility of the comparison between the two solar cells.
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Table 6.5: Summary of ﬁt results of P3TI-1(P3TI-2):PCBM71 BHJ ﬁlms
Copolymer Fluence (mJ/cm2) A1 τ1(ps) A2 τ2(ps) A3 τ3(ps) y0
P3TI-1 2.55 1.8 1.5 1.3 15 1.1 300 1.15
P3TI-1 6.4 1.5 1.2 1 48 – – 1.1
P3TI-2 2.55 1 3.2 – – 0.48 200 0.63
P3TI-2 6.4 0.8 1 0.45 22 0.38 210 0.46
6.3 Conclusion
Structure - property relation study of organic semiconductors to optimize structure of
polymers for highly performing solar cells is an ongoing research. In this study, the
structures of two copolymers (P3TI-1 and P3TI-2) were changed by only elongating
the alkyl side chains of P3TI-2 by 4 methyl units. The two copolymers were success-
fully designed and synthesized by a direct arylation polycondensation method. The
two copolymers have similar HOMO levels of 5.2 eV. The LUMO levels of P3TI-1 and
P3TI-2 are 3.8 eV and 3.7 eV respectively. Organic solar cells were prepared using each
copolymers and PCBM71 bulk heterojunction blend as the active layer in a geometry
Al/TiOx/Active layer /PEDOT:PSS PH 1000. The efﬁciency and ﬁll factor of the or-
ganic solar cells increased by 28% and 48% respectively as the length of the alkyl side
chains is shortened by 4 methyl units. A steady state ﬂuorescence measurement with
solvents of different polarity showed the presence of intra-molecular charge transfer
state. A steady state ﬂuorescence spectroscopy measurement was also taken by excit-
ing the copolymers at their lower wavelength absorption maxima. The results showed
that P3TI-2 has two dominant relaxation channels but P3TI-1 has one dominant re-
laxation channel which is in the higher wavelength region. This indicates efﬁcient ICT
formation in P3TI-1. fs-Transient absorption spectroscopy measurement was taken on
dilute solutions of the two copolymers in chlorobenzene. The measurement conﬁrmed
the presence of intramolecular charge transfer states in the relaxation of the copoly-
mer chains. The ICT generation time were 4.5 ps and 13 ps for P3TI-1 and P3TI-2 re-
spectively. The shorter alkyl side chains foster intra-molecular charge transfer between
the donor and the acceptor units of the copolymer-P3TI-1. The longer side chains in
copolymer-P3TI-2, on the contrary localizes the charge carriers and takes a longer time
to transfer charges between the donor and acceptor units. The exciton life time in P3TI-
1 pristine ﬁlm was longer than P3TI-2. An intensity dependent fs-transient absorption
spectroscopy measurement on each pristine ﬁlms showed exciton diffusion is more ef-
ﬁcient in P3TI-1. In addition to the intramoleular interaction, longer alkyl side chains
also inhibit interchain interaction. The dynamics in the bulk heterojunction ﬁlms could
not give a clear comparative information. Themorphology of these bulk heterojunction
ﬁlms was full of large domain sizes exceeding 200 nm. This poses a complication in
understanding the dynamics and assigning time constants to speciﬁc processes. In the
bulk heterojunction ﬁlms, 20 to 30% of the signal lives longer than 2 ns. In comparison
to the pristine ﬁlms and the copolymers in chlorobenzene solution, the bulk hetero-
junction ﬁlm has a larger amount of contribution that lives longer than 2 ns. The STEM
images taken for both bulk heterojunction composites show a domain size exceeding
200 nm which is more than 10 times longer than the typical exciton diffusion length (5 -
20 nm).We recommendmorphology optimization for both bulk heterojunction ﬁlms in
the preparation of organic solar cells and study of transient absorption spectroscopy to
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better understand the difference in recombination mechanisms. Fluorescence imaging
taken on both the pristine copolymers and bulk heterojunction ﬁlms showed exciton
quenching is more efﬁcient in P3TI-1:PCBM71 ﬁlms than P3TI-2:PCBM71.
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7. Outlook and summary
A thorough understanding of structure-property relation is important to understand
efﬁciency limiting factors in organic solar cells. Photovoltaic performance of three or-
ganic solar cells based on similar copolymers as donor material and PCBM71 as an
acceptor material was studied. The structures of the copolymers differ only on the
donor side of the copolymers. The photovoltaic performance of the three copolymers
was low. The current density in all the three solar cells was lower than expected. All
the copolymers have band gaps < 1.7 eV, which is in the ideal region for photovoltaic
application. The current density was expected to be higher because of their broad ab-
sorption. We found morphologies of the bulk heterojunction ﬁlms of each OSCs play
important role in charge photogeneration. Domain sizes exceeding exciton diffusion
length is the reason for low current density in the solar cell devices.
Photogeneration in OSCs is a multi-step process. We studied photodynamics of
each of the copolymers in solution, pristine ﬁlm and BHJ ﬁlms using fs-transient ab-
sorption spectroscopy. We found intramolecular charge transfer state in all the copoly-
mers. We also found longer side chains lower the rate of intramolecular charge transfer
state generation by studying two copolymerswhich have a structural difference of only
length of side chains on their donor units. This intramolecular charge transfer state is
essential to lower the binding energy of excitons. Side chains are crucial for solubility
of polymers in common solvent for organic solar application. But the length of this
side chains should be optimized to enhance both intra/inter-molecular charge transfer
interactions. Longer side chains create barrier on intra/inter-chain interactions. This
barrier is detrimental to charge mobility in the bulk heterojunction organic solar cell
based on such copolymers.
In Summary, intramolecular charge transfer characterisics were found in the three
copolymers studied. Even if side chains are important for solubility of copolymers,
their lenght has to be optimized to facilitate both intra- and inter-molecular interac-
tion. This is essential for charge transport in organic solar cell devices. The mobility of
charge carriers in the active alayer of an organic solar cell limits the power conversion
efﬁciency.
Exciton binding energy and exciton diffusion length play an important role in power
conversion efﬁciency of OSCs. We recommend exciton dynamics studies on series of
polymers to further optimize the structure of polymers for higher performance.
While doing this work, we were aware of the drastic efﬁciency increase of organic
solar cells that are fabricated using fullerene free acceptors. The use of fullerene accep-
tors has its own drawbacks that include weak absorption and restricted energy levels.
The energy level of non-fullerene acceptors can be tuned to achieve high open circuit
voltage. The non-fullerene acceptors also have the advantage of a strong absorption.
The excitons in the non-fullerene acceptors can not be neglected. The charge dynamics
in these kinds of organic solar cells are determined by the excitons that are generated
75
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both from the donor polymer and the non-fullerene acceptor. We therefore recommend
a charge dynamics study in non-fullerene organic solar cells to understand the fun-
damental photophysical processes that are relevant for charge photogeneration using
fs-transient absorption spectroscopy.
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